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NOTICES 

When  U,S.  Government  drawings,  specifications,  or  other  data  are  used  for  any 
purpose  other  than  a definitely  related  government  procurement  operation,  the 
Government  thereby  incurs  no  responsibility  nor  any  obligation  whatsoever,  and 
the  fact  that  the  Government  may  have  formulated,  furnished,  or  in  any  way  sup- 
plied the  said  drawings,  specifications  or  other  data,  is  not  to  be  regarded  by 
implication  or  otherwise,  or  in  any  manner  licensing  the  holder  or  any  other 
person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture, use, 
or  sell  any  patented  invention  that  may  in  any  way  be  related  thereto. 


FOREWORD 

This  propellant  handbook  Is  the  product  of  a program  sponsored  by  the  Propellants 
Branch  of  the  Air  Force  Rocket  Propulsion  Laboratory.  The  objection  of  this  pro- 
gram was  to  provide  a comprehensive  and  systemized  text  of  the  properties,  hand- 
ling procedures,  compatibility  and  safety  of  nitric  acid  and  nitrogen  tetroxide 
and  selected  blends  of  these  oxidizers. 

The  program  was  initiated  in  February  1976  and  was  conducted  by  Martin  Marietta 
Corporation,  Aerothermal  and  Propulsion  Engineering  Department  for  the  AFRPL, 
under  contract  F04611-76-C-0026.  Lt.  R.  Butts  served  as  the  Air  Force  Project 
Engineer.  Mr,  A.  C.  Wright  was  the  Martin  Marietta  Program  Manager. 

This  report  has  been  reviewed  by  the  Information  Office/DOZ  and  is  releaseable 
to  the  National  Technical  Information  Service  (NTIS).  At  NTIS  it  will  be  avail- 
able to  the  general  public,  including  foreign  nations. 
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1.1  GENERAL 


The  pur  pose  of  this  Handbook  is  to  provide,  in 
an  accessible  and  convenient  manner,  as  much 
information  as  possible  on  the  characteristics  of 
nitric  acid  and  nitrogen  tetroxide,  their  derivitives, 
related  compounds  and  blends,  pertinent  to  their 
use  as  oxidizers  for  rocket  engines,  attitude  control 
systems  and  chemical  gas  generators.  Tire  informa- 
tion presented  herein  has  been  collected  and  cor- 
related from  books,  published  papers  and  reports, 
manufacturers'  literature,  government  specifica- 
tions and  private  communications.  The  author  and 
other  members  of  the  Martin  Marietta  organization 
have  carefully  reviewed  and  evaluated  this  informa- 
tion and  have  attempted  to  resolve  all  disagree- 
ments, with  the  aid  of  their  own  considerable 
experience  in  the  use  of  these  oxidizers. 

Sinc3  1942  nitric  acids  and  their  derivatives 
have  become  increasingly  important  as  rocket 
engine  oxidizers  due  to  their  high  performance 
and  storability.  During  World  War  II,  engineers  at 
Peenemunde  began  v^ork  on  an  anti-aircraft  missle 
in  parallel  with  their  development  of  the  famous 
V2.  The  oxidizer  selected  for  this  missle  was  nitric 
acid  because  the  important  requirements  were 
simplicity  anc  constant  operational  readiness.  The 
ethanol/liquid  oxygen  combination  used  in  the  V2 
was  therefore  out  of  the  question.  This  missle, 
which  became  the  "Wasserfall,"  used  pure  (98%) 
nitric  acid  in  the  early  stages  of  development.  Later, 
nitric  acid  diluted  with  a 10%  admixture  of  sul- 
pheric  acid  was  used. 


In  the  United  States,  nitric  acid  oxidizer  was 
used  in  a liquid  rocket-assisted  take-off  unit  de- 
veloped in  1942  by  the  Jet  Propulsion  Laboratory. 
Later,  the  "WAC  Corporal,"  a meteorological 
sounding  rocket,  was  developed  using  iiitiic  acid. 

Much  of  the  early  effort  expended  on  nitric 
acid  technology  was  spent  in  the  area  of  material 
compatibility.  The  previously  mentioned  "Wasser- 
fall"  units  originally  had  to  be  launched  within  a 
few  days  after  oxidizer  loading  because  of  this 
problem.  The  development  of  nitric  acid  usage 
in  the  United  States  can  be  traced  by  reviewing  the 
changes  in  the  military  specifications  as  depicted 
in  Figure  1 .1-1 . Originally,  there  /vere  four  types  of 
nitric  acid  defined  in  MIL-N-7254A.  These  were: 

1.  Type  1 (WFNA)  White  Fuming  Nitric  Acid 
—97.5%  by  weight  HNO3 , 2.0%  by  weight 
HjO,  0-0.5%  by  weight  NOj. 

2.  Type  II  (RFNA)  Red  Fuming  Nitric  Acid 
—6%  by  weight  NOj  • 

3.  Type  III  (RFNA)  Red  Fuming  Nitric  Acid 
— 14%  by  weight  NO2. 

4.  Type  IV  (RFNA)  Red  Fuming  Nitric  Acid 
—22%  by  weight  NO2. 

The  Type  II  and  Type  IV  Nitric  Acids  were 
dropped  from  the  Mil-Spec  because  they  were  no 
longer  used.  The  Type  I and  III  oxidizers  were 
retained  but  an  inhibitor,  hydrogen  fluoride  (HF), 
was  added  which  caused  them  to  be  called  Type  lA 
and  Type  IMA. 
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FIGURE  1.1-1  NITRIC  ACID  HISTORY 


1954  HnlL-N-7254A 


Type  IIIA  became  Type  II  IB  when  the  amount 
of  solids  was  reduced  from  0.10%  to  0.04%,  per- 
cent by  weight.  Type  MILS  came  into  existence 
because  of  problems  with  the  Agena  upper  stage 
which  were  attributed  to  the  iron  content  of  the 
oxidizer.  Type  IIILS  allows  a maximum  of  .002% 
FC203,  percent  by  weight.  Type  MILS  also  has  a 
reduced  water  content  which  improves  engine  per- 
formance, slightly,  and  reduces  its  storability. 

A Type  IV  Nitric  Acid  was  added  to  MIL-P- 
7254 F by  Amendment  2 which  specified  a nitric 
acid/nitrogen  tetroxide  blend;  known  as  “High 
Density  Acid.”  The  High  Density  Acid  (HDA)  was 
formulated  to  increase  the  performance  of  the 
Agena.  It  is  defined  in  M1L-P-7254F  as  a rriixture 
of  inhibited  red  fuming  nitric  acid  (IRFNA)  and 
nitrogen  tetroxide  (N2O4).  It  is  nominally  a 
55/44%  mix  (IRFNA/N2O4)  which  contains  the 
IRFNA  inhibitor,  hydrogen  fluoride  (HF).  To 
further  decrease  the  corrosiveness  of  the  oxidizer, 
a new  inhibitor  PFg  has  been  proposed  and  tested, 
but  has  not  been  incorporated  into  the  Mil-Spec. 


The  Figure  1.1-2  depicts  the  history  of  this  oxidi- 
zer. This  IRFNA/N2O4  blend  is  discussed  in  detail 
in  Section  2.2  of  this  Handbook. 

A nitric  acid  oxidizer  is  being  evaluated  by 
the  Navy  at  China  Lake  for  application  to  a liquid 
gun  program.  The  composition  of  this  oxidizer, 
called  "90%  nitric  acid,”  is  as  follows: 

HNO3  -89.5  wt.  % 

H2  0-9.86wt.  % 

HF-0.62  wt.% 

NO2  -0.02  wt.  % 

Data  from  this  program  are  included  in  the  mater- 
ials compatibility  section  (3.4). 

Approximately  90  percent  of  the  nitric  acid 
is  made  by  the  catalytic  oxidation  of  ammonia 
with  air  or  oxygen  to  yield  nitric  oxide  (NO). 
This  is  oxidized  to  N2O4  which,  when  treated 
with  water,  yields  nitric  acid  (HNO3).  HNO3  may 
then  be  concentrated  by  distillation  with  sul- 
phuric acid. 


FIGURE  1.1-2  HDA  HISTORY 


The  inorganic  chemistry  of  nitrogen  tetr- 
oxide  and  its  monomer,  nitrogen  dioxide,  has  been 
the  subject  of  many  investigations  since  Priestley 
first  carried  out  his  laboratory  preparation  in  1777. 
The  rise  to  prominence  of  nitrogen  tetroxide  as 
one  of  the  most  useful  storable  liquid  propellant 
ingredients  for  aerospace  work  created  a demand 
for  additional  knowledge  on  all  aspects  of  nitrogen 
tetroxide. 

Nitrogen  Tetroxide  began  to  replace  nitric 
acid  in  the  late  1950s  and  early  1960s  because  it 
gave  higher  performance  and  presented  less  of  a 
corrosion  problem.  As  a storable  liquid  oxidizer, 
nitrogen  tetroxide  offers  for  liquid-fueled  rockets 
the  readiness  approaching  that  of  solid-fueled  rock- 
ets. The  development  of  the  Titan  II  ICBM  re- 
quired that  nitrogen  tetroxide  be  developed  and 
explored  fully,  and  be  available  in  large  quantities 
at  a reasonable  price. 

Prior  to  1958  the  Nitrogen  Division  of  Allied 
Chemicals  was  the  sole  commercial  producer  of 
liquid  nitrogen  tetroxide.  This  process  produced 
high  quality  nitrogen  tetroxide  in  connection  with 
production  of  sodium  nitrate  and  nitric  acid.  After 
1958,  Hercules  Incorporated  produced  many  tons 
annually  of  nitrogen  tetroxide  in  its  California 
plant.  Most  of  that  production  was  used  by  the 
U.S.  Air  Force  and  NASA  as  an  oxidizer  in  rocket 
propulsion  systems.  This  plant  is  now  owned  by 
Valley  Nitrogen.  At  the  present  time  the  bulk  of 
the  propellant  grade  N2O4  produced  in  this  coun- 
try is  produced  by  Vicksburg  Chemical  Company, 
Vicksburg,  Mississippi. 

To  depress  the  freezing  point  of  nitrogen 
tetroxide,  nitric  o^<ide  (NO)  is  added.  Solutions 
of  NO  in  nitrogen  tetroxide  are  called  mixed  ox- 
ides of  nitrogen  (MON)  and  have  been  used  as  oxi- 


dizers in  rocket  engines.  Various  concentrations 
have  been  considered.  However,  the  high  vapor 
pressure  of  MON  limits  the  concentration  of  NO 
in  N2O4  to  about  30  percent.  Aside  from  the  high 
vapor  pressure  of  MON.  the  material  is  quite  simi- 
lar to  nitrogen  tetroxide. 

The  history  of  the  usage  of  nitrogen  tetroxide 
as  specified  in  military  specifications  is  very  inter- 
esting and  is  shown  in  Figure  1.1-3.  The  basic 
nitrogen  tetroxide  was  used  for  many  years  in  the 
red-brown  form  known  as  NTO.  Problems  occured 
in  two  programs  in  about  the  1966-67  time  period 
which  caused  the  N2O4  to  be  changed.  NASA  ex- 
perienced stress  corrosion  problems  on  an  Apollo 
tank  with  the  red-brown  NTO.  They  solved  the 
problem  by  adding  the  inhibitor  NO.  This  addition 
is  documented  in  NASA  MSC-PPD-2A  which  is  the 
specification  for  green  N2O4.  The  Air  Force  was 
also  concerned  about  possible  corrosion  problems 
on  the  post-boost  propulsion  system  (PBPS)  for 
Minuteman  III.  The  contractor,  Autonetics  Divi- 
sion, North  American  Rockwell  ended  up  with  a 
propellant  specification  which  included  controls 
on  NO  and  chlorides.  The  control  of  chlorides  was 
to  prevent  attack  on  the  0.030"  thick  steel  bellows 
in  the  PBPS  tanks. 

MlL-P-26539  was  modified  to  specify  MON-1, 
which  is  the  Air  Force  designation  for  green  N2O4 . 
The  Space  Shuttle  Program  forced  a new  look  at 
the  N2O4  specifications  because  NASA  determined 
from  venting  analyses  that  the  NO  content. of  the 
initial  N2O4  should  be  increased  to  assure  that  the 
final  or  operational  oxidizers  always  had  greater 
than  0.5%  NO.  Therefore,  MON-3  was  born.  This 
was  incorporated  into  MIL-P-26539C  by  Amend- 
ment 3.  The  slight  addition  of  NO  does  not  change 
the  thermal-physical  properties  of  N2O4  drasti- 
cally; therefore,  the  listed  properties  for  N2O4  are 
applicable  to  MON-1  and  MON-3. 
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FIGURE  1.1-3  N2O4  HISTORY 


Q SANDPIPER 


In  19o2,  the  Surveyor  Program  wanted  *0 
depress  the  freezing  point  of  and  cb  te 

to  do  so  by  increasing  its  NO  content.  They  chose 


MON-1 0.  The  Sandpiper  Program  chose  MON-25 
for  an  even  lower  freezing  point.  These  variations 
on  N2O4  were  documented  in  MIL-P-27408. 
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1.2  SCOPE  AND  CONTENT 


This  Handbook  is  a comprehensive  coriipila- 
tion  of  all  available  data  pertaining  to  oxidizers 
composed  of  nitric  acid  and  nitrogen  tetroxidc. 
An  extensive  treatment  of  the  physical,  chemical, 
thermodynamic  and  electrical  properties  of  the 
oxidizer  is  combined  here,  in  a single  volume. 


with  a survey  of  the  available  information  on  stor- 
age, handling,  safety,  materials  compatibility  and 
availability.  Also  included  are  sections  describing 
the  variation  of  properties  with  the  composition 
of  blends. 


% 
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1.3  USER  INSTRUCTIONS 


1.3.1  FORMAT 

This  Handbook  is  divided  into  five  major 
sections  (1. 0-5.0).  Each  major  section  is  then  sub- 
divided into  subsections  by  decimal  numbers 
(i.e.,  3.1,  2.7  etc.).  Each  subsection  is  further 
divided  by  three  and  four  digit  decimal  numbers 
(i.e.,  3.4.1  or4.2.6.1). 

Major  sections  are  separated  by  tabbed  di- 
viders. Each  tabbed  divider  has  an  index  listing 
the  subsections  contained  after  that  section  tab. 
Each  major  subsection  has  a separator  (untahbed) 
which  has  an  index  of  minor  subsections  contained 
therein. 

The  indices  on  each  section  divider  provide  a 
detailed  breakdown  of  the  contents  of  each  section 
and  subsection.  An  index  to  propellants,  acronyms, 
composition  and  the  relevant  properties  sections  is 
found  after  the  Section  5.0  divider. 

Wherever  possible,  within  a major  section, 
a particular  subsection  number  (three,  and  four- 
integer  decimals)  will  always  pertain  to  the  same 
or  a similar  property  or  propellant.  For  example, 
the  numerals  2. 1.3.3  denote  the  following  infor- 
mation: 

The  first  numeral,  2,  denotes  major  section  2, 
properties.  The  tecond  numeral,  .1,  denotes 
the  propellant.  The  third  numeral,  .3,  denotes 
that  this  subsection  deals  with  a physical  prop- 
erty. Finally,  the  fourth  numeral,  .3,  denotes 
the  particular  property,  "sonic  velocity." 
Within  section  2,  all  sub-sections  ending  in 
.3.3  denote  "sonic  velocity." 

ill  subsections  where  data  on  some  properties 
are  not  available,  the  corresponding  integers  will  be 
missing  from  the  sequence,  to  maintain  the  mean- 
ing of  the  last  two  digits. 


1,3.2  USE  OF  INDEX  AND  REFERENCES 

Each  section  contains  on  the  first  pag^.-  an  in- 
dex to  the  contents  of  that  section.  Tfiis  page  lists 
the  doubly  numbered  sections  within  that  section. 
Each  doubly  numbered  section  divider  contains 
an  index  of  all  subsections  within  that  section.  An 
inde.'  showing  the  location  within  Section  2,  the 
compositions,  and  acronyms  of  the  propellants 
appears  on  the  first  page  after  the  Section  5 tab- 
bed divider.  This  indicates  where  the  properties 
and  logistics  of  specific  propellants  may  be  found. 

The  location  of  other  types  of  information  is 
listed  alphabetically  in  Table  1.1-1,  located  on  the 
first  page  following  the  tabbed  divider  preceding 
this  section. 

Each  propellant  subsection  in  Section  2 con- 
tains a list  of  references  pertaining  to  the  propel- 
lant. Each  of  the  remaming  major  sections  (3.0  and 
4.0)  contains  a reference  list  at  the  end  of  the  sec- 
tion. The  reference  numbers  in  these  sections 
pertain  only  to  the  reference  list  at  the  end  of  that 
section. 


1.3.3  UPDATING  PROVISIONS 

Sections  dealing  with  propellants  for  which 
further  data  is  expected  to  be  obtained  have  been 
arranged  so  that  missing  subsections  can  be  in- 
serted later  without  disturbing  the  numbering 
sequence  or  the  order  in  which  subsections  appear. 
When  a gap  in  data  exists  for  these  propellants, 
the  subsection  following  the  gap  begins  at  the  top 
of  a new  page.  If  existing  subsections  must  be 
updated,  the  appropriate  pages  can  be  replaced 
by  the  updated  page.  New  or  updated  pages  will 
be  distributed  to  recipients  of  this  Handbook 
when  they  become  available. 
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2.0  PROPERTIES  AND  LOGISTICS 


2.1  NITRIC  ACID  (TYPE  MIA,  lUB.  AND  IIILS) 

2.2  NITRIC  ACID  (TYPE  IV)  (HDA) 

2.3  NITROGEN  TETROX3DE  (NTO.  MON-1.  MON-3.  MON-10.  MON-25.  AND  MM  GRADE 


2.1  NITRIC  ACrO.  TYPE  CIIA,  TYPE  me,  AND  TYPE  IIILS 


2.1.1  PROPERTY  SUMMARY  SHEET 

2.1.2  GENERAL 

2.1 .2.1  Introduction 

2.1 .2.2  Structure  of  Nitric  Acid 

2.1 .2.3  Specification 

2.1.3  PHYSICAL  PROPERTIES  OF  NITRIC  ACID,  TYPE  III  (RED  FUMING) 

2.1 .3.1  Vapor  Presiure  and  Normal  Boiling  Point 

2.1 .3.2  Density  of  Red  Fuming  Nitric  Acid 

2.1 .3.3  Sonic  Velocity  in  Red  Fuming  Nitric  Acid 

2.1 .3.4  Comprexsibiiity  of  Rad  Fuming  Nitric  Acid 

2.1 .3.5  Viscosity  of  Red  Fuming  Nitric  Acid 

2.1 .3.6  Surface  Tension  of  Red  Fuming  Nitric  Acid 

2.1 .3.7  Thermal  Conductivity  of  Rad  Fuming  Nitric  Acid 

2.1.4  CHEMICAL  PROPERTIES  OF  NITRIC  ACID.  TYPE  Hi  (RED  FUMING) 

2.1. 4.1  Chemical  Reactions 

2.1  A.2  Inert  Gas  Solubility  in  Red  Fuming  Nitric  Acid 

2.1.5  THERMODYNAMIC  PROPERTIES  OF  NITRIC  ACID.  TYPE  III  (RED  FUMING) 

2.1 .5.1  Heat  of  Formation  < 

2.1.6  J Melting  Point  and  Heat  of  Fusion 

2.1 .5.3  Critical  State  Constants 

2.1 .5A  Heat  Capacity  of  Red  Fuming  Nitr  ic  Acid 
2.1. 5.5  Latent  Heat  of  Vaporization 

2.1.6  LOGISTICS  OF  NITRIC  ACID,  TYPE  III  (RED  FUMING) 

2.U.1  Manufacture 

2.1 .6.2  Analysis 

2.1 .6J3  Cost  end  Availability 

2.1 .6.4  Shipping  and  Transportation 

2.1.7  REFERENCES 


2.1.1  PROPERTY  SUMMARY  SHEET 


Chemical  Name;  RFNA  (IRFNA)  Type  III.  illA,  1118,  IIILS  Common  Name:  Red  (Inhibited)  Fuming  Nitric  Acid 


Chemical  Formula;  Ho,8894  ^0,9366  02.6989  Formula  Weight;  57.2  (O'®)  - Nominal 


Property 

Value 

Units 

Tamp  ("K) 

1 

Reference 

Figure 

Melting  Point 

221.16 

-K 

1 

-52 

*C 

398.07 

•R 

-61.6 

«F 

Heat  of  Fusion 

2b03±2* 

cal/mole 

231,56 

14 

Normal  Boiling  Point 

337.34 

"K 

Calc 

64.19 

X 

607.21 

‘R 

147.5 

*F 

Heat  of  Vaporization 

140.4 

cal/g 

337.34 

Calc 

252.8 

BTU/lb 

Heat  of  Disassociation 

Not  Available 

Critical  State  Constants 

Temperature 

546.48 

•K 

Calc 

273.33 

“C 

983.67 

•R 

524 

•F 

Pressure 

95.35 

atms 

Calc 

1401.2 

psia 

Density 

0.55 

g/cc 

Calc 

34.60 

Ib/ft3 

Vapor  Pressure  of  Liquid 

138.7 

mm  Hg 

298.15 

Calc 

2.1-1 

2.68 

psia 

298.15 

Density  of  Liquid 

1.55 

g/cc 

298.16 

4 

2.1-2 

96.78 

Ib/ft3 

Sonic  Velocity 

1379.0 

m/sec 

not  given 

2.6 

4525.0 

ft/sec 

Compressibility  of  Liquid 

Adiabatic 

3.663x10-6 

atn-’ 

298.15 

Cate 

2.425x  10-6 

psi-' 

298.15 

* 

Isothermal 

Not  Available 

Viscosity  of  Liquid 

1.231 

cp 

!98.15 

CMi 

2.1-4 

0.8282x10-3 

lo/ft/sec 

29C'  16 

Heat  Capacity  of  Liquid 

0.420 

cel/g-*K 

298.1b 

2.  ’ 

2.1-7 

0.420 

BTU/lb'-R 

Thermal  Conductivity  of  Liquid 

6.968  x10-< 

cal/cm-pdc-’K 

293.16 

2,7 

2.1-0 

4.844x10-6 

BTU/ft^wc-*rl 

Surface  Tension 

40.13 

dynes/cm 

298.15  ^ 

Calc 

2.'i-5 

3.089x10-3 

Ib/tt 

Refractive  Index 

1.39/0’* 

297.15 

14 

i 

Dielectric  Constant 

Not  Available 

Dipole  Moment 

2.16* 

Debyes 

Not  Reported 

14 

Entropy  (Gas) 

63.62* 

cal./*K-mole 

Entropy  (Liquid) 

37. if*  ~1 

c«i/*K-mola 

298.16 

14 

Heat  oi  formation 

Calc 

(liquid) 

Specific  Heat 

0.417 



293.15 

3 

•Pure  HNO3 


2.1-1 
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amount  of  dissolved  NOj.  RFNA  will  vigorously 
attack  most  metals.  Addition  of  0.7  percent  by 
weight  hydrogen  fluoride  (HF)  inhibits  corrosion 
of  container  materials  by  RFNA. 

The  acid  reacts  with  many  organic  materials 
spontaneously  causing  fire.  In  rare  instances,  on 
gross  contact  with  certain  materials  (e.g.,  hydrazine) 
and  when  spontaneous  ignition  is  delayed  because 
of  degraded  materials,  an  explosion  may  occur. 
The  nitric  acids  will  react  with  sea  water,  releasing 
large  quantities  of  nitrogen  oxides  which  are  toxic. 

Since  the  con  ..osition  of  RFNA  is  variable, 
all  values  of  physical  constants  listed  in  the  litera- 
ture are  considered  approximate  or  have  been  cal- 
culated herein  based  on  the  following  nominal 
chemical  composition: 

HNO3 , percent  by  weight,  84 
NOj,  percent  by  weight,  14 
HjO,  oercent  by  v^eight,  2 
HF,  percent  by  weight,  0 
Solids,  percent  by  weight,  0 

The  apparent  formula  weight  for  nominal 
RFNA  is  57.2  with  a chemical  formula  Hq  3394 

^0,9366  O2. 6989- 


table  2.1-1  FUMING  NITRIC  ACIDS-CHEMICAL  COMPOSITION  LIMITS  (PERCENTAGE  BY  WEIGHT) 


Typo 

Common 

Name 

Nitrogen 

Dioxide 

(NO2) 

■ 

Water 

(H2O) 

Nitric  Acid 
{HNO3) 

Solids  at 
Nitretet 

1 

Hydrogen 

Fluoride 

Inhibitor 

i' 

1 

White  fuming 
nitric  acid 
(WFNA) 

0.5  max. 

2.0  max. 

97.5 

0.10  max. 

- 

lA' 

1 

inhibited  white 
fuming  nitriJ 
acid  (IWFNA) 

0.6  max. 

2.0  max. 

96.8 

0.10  ma>.. 

0.7  ±0.1 

III 

Red  fuming 
nitric  acid 
(RFNA) 

14±  1.0 

1.6  to  2.5 

82.4  to  36.4 

0.10  max. 

- 

illA 

Inhibited  red 
fuming  nitric 
add  (IRFNA) 

14. t 1.0 

1.6  to  2.5 

81.6  to  84.8 

0,10  max. 

0.7  ±0.1 

IIIB 

Inhibited  red 
fuming  nitric 
acid  (IRFNA> 

14  ± 1,0 

1,6  to  2.5 

81.6  to  84.8 

0.04  max. 

0.7  ±0.1 

illLS 

Limited  Storage 
red  fuming 
nitric  acid  (IRFNA) 

14±  1,0 

0.6  max. 

83.7  to  86.4 

0.04  max. 

0.7  ±0.1 

Note:  ■'Dodered  obsolete  for  military  usage. 

2.1.2  GENERAL 
2.1 .2.1  introduction 

Nitric  acid  is  one  of  the  most  commonly 
used  oxidizers  for  rocket  engines.  It  is  a readily 
commercially  available  chemical.  Nitric  acid  is 
made  by  the  catalytic  oxidation  of  ammonia  with 
air  or  o/;ygen  to  yield  nitric  oxide  (NO).  The  latter 
is  oxidized  to  NjO^  which  when  treated  with 
water,  yields  nittic  acid  (HNO3).  HNO3  may  be 
concentrated  by  distillation  with  sulfuric  acid. 
There  are  three  forms  in  which  nitric  .wid  is  used: 

( 1 ) Anhydrous  nitric  acid 

(2)  Red  fuming  nitric  acid  (RFiv  A) 

(3)  White  fuming  nitric  acid  IWf  NA) 

The  fuming  nitric  acids  are  produced  by  pass- 
ing gaseous  N2O4  into  nitric  acid.  The  fuming  nitric 
acids,  as  specified  in  Military  Specification  MIL-P- 
7254F,  Amendment  2 (9),  are  identified  by  chemi- 
cai  composition  (percentage  of  weight)  with  the 
limits  as  listed  in  Table  2.1-1.  The  Type  I nitric 
acids  have  been  declared  obsolete  for  military 
usage  as  a rocket  oxidizer. 

Red  fuming  nitric  acid  is  a highly  corrosive, 
toxic,  nonflammable  liquid  mixture.  Its  color  is 
light  orange  to  orange-red,  depending  upon  the 
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2.1 .2.2  Structure  of  Nitric  Acid 

The  HNO3  ii^olecule  is  planar  and  may  be 
represented  as  a resonance  hybrid. 
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The  "best”  bond  distances  and  angles  based 
on  the  study  of  Stern,  Mullhaupt,  and  Kay  (14) 
listed  below:  (Their  work  should  be  referred  to  if  a 
more  complete  description  is  required). 

N-0  length  1.22^ 

N-OH  length  1.41  X 

O-N-0  angle  (degrees)  135 
O-N-OH  angle  (degrees)  115 

Th'j  molecular  dipole  moment  is  2.16  debyes. 

2.12.3  Specification 

The  procurement  of  RFNA  as  a propellant  is 
covered  by  MIL-P-7254F,  Amendmen‘2  (18  Janu- 
ary 1972). 

PHYSICAL  PROPERTIES 
OF  NITRIC  ACID 

2.12.1  Vapor  Pressure  end  Normal  Bollinc  Point 
Vapor  pressure  values  found  in  the  literature 
were  few.  The  decomposition  and  corrosive  nature 
of  nitric  acid  precludes  accurate  measurement  of 
vapor  pressure.  Vapor  pressute  is  defined  as  the 
pressure  exerted  by  a vapor  when  a state  of  equili- 
brium has  bean  reached  between  a liquid,,  01  solid, 
and itsvapor.Thedata points (1,  2,  6,6)  are  plotted 
and  shown  in  Figures  2.1-1  and  2.1-la.  Rocket- 
dyne  (4)  prepared  a data  sheet  citing  their  source 


from  a National  Advisory  Committee  for  Aero- 
nautics research  memoranda  'E53L14,  February 
1854).  Curve-fitted  equations  are  presented  for 
vapor  pressure  values  in  the  temperature  range  of 
10  to  57®C  (50  to  135°F)  and  a composition  range 
of  RFNA  as  follows: 

10  to  17  percent  by  weight  N2O4 
1 to  6 percent  by  weight  HjO 
77  to  86  percent  by  weight  HNO3 


The  equations  are: 


(2.M) 


log,  oP(atm)  =6.447-2.24  X 10-2N^^ 


+ 1.72  X 10-3  N^^  - 


22.50.5 

(T,“K) 


+ 


13.55N,,, 

(T,»K) 


where: 

“ weight  percent  of  N2O4 
Ww/o  “ weight  percent  of  HjO 
P = vapor  pressure,  atm 
T * temperature,  °K 

. (2.1-la) 


log,Qp(psia)  * 7.6444-2.24  x 10-2 

♦ 1.72xl0-3N„„W„fc.i25^ 

2«9r^ 

(T,“R) 


where 

*^w/o  “ weight  percent  o,'  N2O4 
= weight  percent  of  H2O 
P = vapor  pressure,  atm 
T “ temperature,  “R 

The  equations  for  the  nominal  RFNA  become: 

I o/.  \ -IDO  2060.8 

log,oP  (atm)  = o.182-y.pi^ 

(2.1-2) 

log,oP(psia)  = 7,.3786-^^|^i 

(2.1 -2a) 

Rocketdyne's  standard  error  of  estimate  for  P is 
2.8%.  Rocketdyne's  values  are  also  plotted  in  Fig- 
ures 2.1-1  and  2.1-la.  In  this  study,  equations  were 
determined  by  the  least-squares  method  due  to  the 
divergence  noted  as  the  values  approached  the 


) 


I 


) 
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vapor  pressure  of  15.0  psia  ot  775.7  mm  Hg  (1,  2). 
They  are: 

/nP  (rnmHg)  = -29.31 1 + 0.1 780  (T,  "K) 

- 2.118  X lO  "*  (T,"K)2 

(2.1-3) 

(psif)  - -33.257  + 0.0989  (T,  “R) 
-6.539  k 10-6  (T/R)2 

(2.1 -3a) 


The  standard  deviation  calculated  from  equation 
2.1-3  is  1.2  percent  in  P and  the  average  deviation 
is  0.62  percent. 

From  equation  2.1-3  a normal  boiling  point 
value  of  337, 34"K  (64.1 9“C  or  147.5°F)  is  obtained. 
CPI  A (1)  reports  a value  of  140°F.  Aerospace  (2) 
reports  a value  of  148°F  as  well  as  does  Aerojet  (7). 
The  Propellant  Handbook  (AFRPL-TR-66-4)  (3) 
reports  a value  of  65. 6'C  (150. 1°F)  for  IRFNA. 
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o 

Figure  2.1-la.  Vapor  Preasure  of  RFNA  vercua  Temperature 
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2.1. 3.2  Density  Fuming  Nitric  Acid 

Density  values  of  RFNA  are  listed  by  Aero- 
space (2).  One  point  value  (1.551  g/cc  at  25“C) 
was  listed  by  CPIA  (1)  and  Evered  (6).  A value  of 
1.564  g/cc  at  16“C  (289.15“K)  was  listed  in  the 
Propellant  Handbook/RPL  (3)  for  I RFNA. 


Rocketdyne  (4)  prepared  a current  data  sheet 
showing  the  following  curve-fitted  equations: 

e (g/ccl  = 1.5340-1.694  x lO  H^  + 6.06 

X 1 0-3  -3.05  X 10-3 

■7.92X  10-SN2^^ 

■1.13x10-‘N^/,W^/„ 

(2.1-4) 


e 


(Ib/cuft)  - 97.65-5.87  X 10-2tp 
-t0.378N^/„  -0.190W 
■4.95X  10-3N2^/^ 

• 7.1  X 10-3 


m/o 


(2.1 -4a) 


where: 

f = density,  g/cc  or  Ib/cuft 
t = temperature,  *C  or  *F 

Pement  by  weight 
® ^2^'  percent  by  weight 


Temperature  range:  0 to  40®C 

(32  to  104’F) 

273.15  to  313.15°K 
(491.67  to  559.67°R) 

Composition  Range:  8 to  20  w/o  N2O4 
0 to  6 w/o  HjO 
72  to  92  w/o  HNO3 

Standard  error  of  estimate:  0.0021  g/cc 

(0.13  Ib/cuft) 

For  the  nominal  RFNA  composition,  Rocketdyne 
equations  reduces  to; 

f(g/cc)  = 2.0568  - 1.694  x 10-3  (T,  °K) 

(2.1-5) 

p(lb/ft3)  = 128.37  - 5.87  x IO-2  (T,  *R) 

(2.1 -5a) 

T = temperature,  “K  or  “R 


Figures  2.1-2  and  2.1 -2a  show  the  density  values 
plotted  from  the  mentioned  literature  sources. 
There  isn't  good  agreement  between  the  data  of 
the  Aerospace  Handbook  and  Rocketdyne's  work. 
But  because  there  are  point  values  that  fall  within 
Rocketdyne's  equation,  Rocketdyne's  equations 
are  recommended  for  usage  since  their  work  is 
basitd  on  the  listing  of  seven  documents. 
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2.U.3  Sonic  Velocity  in  Red  Fuming  Nitric  Acid 
i ^ V Evered  (6)  listed  the  velocity  of  sound  value 

\ of  4625.0  ft/sec  (1379.0  m/sec)  in  RFNA  whose 

composition  was  77.5%  HNO,  20%  N2O4,  and 
2.0%  HjO.  No  temperature  was  given.  The  same 
value  was  quoted  by  Aerospace  (2). 

2.1 .3.4  Compreuibility  of  Rad  Fuming  Nitric  Acid 
There  is  one  measurement  of  the  sotuc  velo- 
city in  RFNA  listed  arid  it  is  given  in  section 
2. 1.3.3.  The  adiabatic  compressibiiity  0^  can  be 
determined  using  sonic  veioc'ty  data  and  the 
acoustica'  equation: 


An  estimated  compressibiiity  vaiue  was  computed 
for  RFNA  with  the  following  assumptions; 

1.  The  velocity  was  measured  at  298.1 5“K 
(536.67*R) 

2.  The  velocity  was  interpolated  from  a 
rough  plot  of  velocity,  Figure  2.1-3,  as  a 
function  of  percent  N2O4  in  HNO3 
tion.  The  vaiue  was  1354  m/sec. 

3.  The  density  at  298.15°K  was  1.551  g/cc. 

The  estimated  computed  value  is  2.425x  10® 
psi  ’ or  3.563  X lO®  atm  ’ at  298.15"K  (536.67“R). 


(2.1-6)  Isothermal  cmpressibility  0^  could  not  be 

estimated  as  there  were  no  density  change  measure- 
where:  P=  density  ments  as  a function  of  pressure  for  the  same  tem- 

c = sonic  velocity  perature  readily  listed  in  the  literature. 


( \ 
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Sonic  Velocity  (m/sec) 


2. 1.3.5  Viscosity  of  Red  Fuming  Nitric  Acid 

Viscosity  values  are  tabulated  in  the  Aero 
space  Handbook  (2)  for  the  temperature  range  0 to 
148^  (459.67  to  607.67“R).  Values  were  also 
tabulated  by  Evered  (6)  from  23  to  113°F.  These 
values  are  plotted  in  Figures  2.1-4  and  2.1 -4a.  A 
third-order  equation  was  determined  from  the 
least-squares  method  that  would  pass  the  tempera- 
ture limits  of  0°F  and  148*F  for  the  data  listed. 

Inp  (centipoise)  = 11.761-3.286  x 10-2  (T/K) 
- 1.075  X 10-4  (t/K)2 
•<■2.943  X 10-2  (T,“K)3 

(2.1-7) 

Inp  (Ib^/ft-sec)  = 11.793-2.090  x 10-2  (T/R) 
-2.781  X 10-6  (T,*R)2 
+ 4.687  X 10-e  (T/R)3 

(2.1-7a) 

The  standard  deviation  of  the  reported  data  as  deter- 
from  equation  2.1-7  was  9 percent  in  p. 


Rocketdyne  (4)  presented  equations  for  vis- 
cosity as  a function  of  temperature  and  composi- 
tion for  the  red  fuming  nitric  acid.  They  cited 
literature  sources  which  Evered  (6)  listed.  The 
equations  were  expressed  in  terms  of  the  weight 
percent  of  N2O4  and  HjO  as  follows: 

log,oy(cp)  “ -3.262-0.1084 

-2.66x10-2W^fe 


+ 3.602  X 10-3 
. 1678.3  , !^w/o 

+ -r^rTrrrrT 


(L  *K) 

11. 8W 


(T.  »K) 

148760 

(T/K)2 


(2.1-3) 


log,  oP(lbM/ft-sec)  = -6.435-0. 1084N^.^,/q 
- 2.66  X 10-2 


where; 


J.DU/  X !U' 


m/o 


, 3020.8  , 

(T/R)  (T/R) 

482000 
(T,“R)  '(T,''R)2 

(2.1 -8a) 


= weight  percent  of  N2O4 
= weight  percent  of  HjO 
Composition  range:  1 1 to  20  w/o 

0 to  6 Vy/O  HjO 
76  to  89  w/o  HNO3 

Temperature  range:  0 to  1 16“C 

(273.16  to  389.15‘K) 
32  to  240=F 
(491.67  to  599.6rR) 
Standard  error  of  estimate : 3 percent  in  p. 


For  the  nominal  RFNA,  the  equations  reduce  to: 


Un  -./-i  - . 1745.4  148760 


(2.1-9) 


log,oP(lb^/ft-sec)  = -7.300  +^i^ 

482000 

■'(T,'R)2 

(2.1 -9a) 


The  two  curves  (Aerospace  and  Rocketdyne  data) 
plotted  on  Figures  2.1-4  and  2.1 -4a  ir\dicate 
divergences  at  the  lower  and  higher  ranges  of  tem- 
perature. When  calculating  the  viscosity,  use 
equation  2.1-7  or  2.1 -7a  for  tetnperatures  below 
260“K  (468°R).  No  experimental  data  was  reported 
beyond  337.59“K  (2),  however,  equations  2.1  9 
and  2.1 -9a  may  be  used. 
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X 10*  Obj^/ft-sec) 


2.1 .3.6  Surface  Tension  of  Red  Fuming  Nitric  Acid 
Measurements  of  the  surface  tension  of 
RFNA  were  not  listed  in  the  literature  reviewed 
from  1960  to  the  present.  Tabulated  are  the  fol- 
lowing values  found  for  other  forms  of  the  fuming 
nitric  acid. 


surface  tension  (ij)  for  the  anhydrous  nitric  acid 
were  high.  Thus  the  K value  was  derived  using  the 
reported  surface  tension  values  for  0°C  and  20°C 
in  the  Ramsay-Shields  equation.  A value  of  1.85 
was  arbitrarily  assigned  since  the  derived  value  of 
K was  1 .85  at  0“C  and  1 .91  at  20°C. 


TABLE  2.1-2  REPORTED  SURFACE  TENSION  VALUES  FOR  THE  NITRIC  ACIDS 


T#mp/ 

SuirfscA 

Anhydrous  HNO3 

White  Fuming  HNO3 

High  Density  Acid' 

Tfnsion 

Dynet/cm 

Lb, /Ft 

Dynei/cm 

Lb, /Ft 

Dy  tes/cm 

Lb,/Ft 

0“C 

43.564 

.002984 

- 

- 

36.4 

.00249 

11.6"C 

42.7IO 

.00293 

- 

- 

— 

— 

20X 

41.154 

.002824 

- 

- 

31. ill 

.00214 

78.2 

32.6’0 

.00223 

- 

- 

- 

- 

Unknown 

- 

40.99 

.0028092 

- 

— 

Superscript  is  literature  source. 

' Included  for  comparison  and  trend. 

. ( 
/ 


The  surface  tension  of  all  liquids  decreases  as 
the  temperature  is  increased  and  becomes  zero  at 
the  critical  temperature.  The  variation  of  surface 
tension  with  temperature  may  be  represented  by 
the  Ramsay-Shields  equation  (8),  namely, 

= K|t,-t-6)  (2.1-10) 

where: 

7 “ surface  tension,  dynes/cm 
t = temperature,  °C 
M * molecular  weight 
= density,  g/cc 
tg  “ critical  temperature,  *0 
K * constant,  supposedly  independent  of 
temperature 

For  many  liquids  K has  been  found  to  be  nearly 
the  same  and  equal  approximately  to  2.12.  How- 
ever, using  K equal  to  2.12,  calculated  values  of 


Values  of  surface  tension  were  calculated  for 
the  nominal  RFNA  using  these  values: 

M = 57.2  g/mole 

1^  = calculated  from  equation  2.1-5 
t,  » 271.1  rc 
K =1.85 

The  calculated  values  from  0 to  5TC  (32  to 
134.6*F)  on  Figures  2.1 -5  and  2.1-5a.  The  graphical 
data  may  be  expressed  as  a curve-fit  equation, 
”3mely: 

7 (dynes/cm)  = 98.361  - 0.1953  (T*K) 

(2.1-11) 

7 (lb, /ft)  =•  6.7574  X 10  3 

•7.4611  X 10-6  (T,"R) 

(2.1-11a) 

The  standard  deviation  calculated  from  equation 
2.1-1 1 is  0.0456  dynes/cm. 


) 
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Figure  2.1-6.  Estimated  Values  of  Surface  Tension  RFNA  versus  Temperature 
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2.1. 3.7  Thermal  Conductivity  of  Red  Fuming 
Nitric  Acid 

The  Aerospace  Handbook  (2)  reported 
thermal  conductivity  values  from  -50*  to  143“F. 
Aerojet-General  (7)  showed  a curve  plot  of  thermal 
conductivity  versus  temperature  identifying  the 
curve  as  extrapolated  data  citing  two  sources  for 
their  presentation  of  RFNA  (86%  HNO3,  15% 
NO2  by  weight)  (12,  13).  Aerospace's  and  Aero- 
jet's data  are  apparently  identical. 

The  reported  values  are  given  in  Figures  2.1-6 
and  2.1 -6a.  The  expressions  of  thermal  conduc- 
tivity as  a function  of  temperature  by  the  least 
square  curve  fit  method  as  follows; 


K(cai/cm-sec-“K)  = 6.571  x lO  -* 

+ 1.353  X 10-6  (T,*K) 
-4.091  X 10-9  (T,“K)2 

/ (2.1-12) 

K(BTU/ft-sec-“R)  = 4.453  x 10-6 

+ 4.876  X 10-8  (T,“R) 
-8.300  X 10-1 1 iT/R)2 

(2. 1-1 2a) 

The  equations  are  applicable  for  the  temperature 
range  227.59  to  337.59“K  (409.67  to  607.67°R). 
The  standard  deviations  obtained  from  equations 
2.1-12  and  2.1-12a  are  1.043x10-6  cai/cm-sec-°K 
and  5.69  x lO’®  BTU/ft-sec-*R  respectively  with 
an  average  deviation  of  0.06  percent. 


2.1-19 


K X 10*  (BTU/ft-sec-°R) 


^ I 


4.20 
4(/U 


•*•*«  <tou  480  &UU  520  540  660  680  600  610 

Temperature  (°R) 


o 


Figure  2.1-6a.  Thermal  Conductivity  of  RFNA  versus  Temperature 
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2.1.4  CHEMICAL  PROPERTIES 
OF  NITRIC  ACID,  TYPE  III 
(RED  FUMING  NITRIC  ACID) 

2. 1.4.1  Chemical  Reactions 

Nitric  acid  is  a powerful  oxidizing  agent;  it 
oxidizes  most  nonmetals  (generally  to  oxides  or 
oxyacids  of  their  highest  oxidation  state)  and  all 
metals  with  the  exception  of  a few  of  the  noble 
metals.  Many  unreactive  metals,  such  as  sliver  and 
copper,  that  do  not  react  to  yield  hydrogen  with 
non-oxidizing  acids,  such  as  HCI,  dissolve  in  nitric 
acid. 

In  nitric  acid  oxidations,  hydrogen  is  almost 
never  obtained;  instead  a variety  of  nitrogen- 
containing  compounds  of  lower  oxidation  state  is 
produced;  such  compounds  like  NOj,  NO,  NjO, 
HN02-  The  product  ?o  which  HNO3  is  reduced 
depends  on  the  concentration  of  the  acid,  the 
temperature,  and  the  nature  of  the  material  being 
oxidized.  Generally,  a mixture  of  products  is 


obtained,  but  the  principal  product,  in  many  cases, 
is  NO  when  diluted  HNO3  'S  employed  and  the 
nitrogen  oxides  when  concentrated  HNO3  is  used. 
Commercially  70  percent  by  weight  HNO3  'S  known 
as  concentrated;  thus  RFNA  is  in  this  category. 

RFNA  reaction: 

+ 2N03-,.,,— Cu-^,„ 

+ 2 NO2  (g)  + 2 HjO 

2.1. 4.2  Inert  Gas  Solubility  in  Red  Fuming 
Nitric  Acid 

Lockheed  (11)  reports  two  temperature  points 
for  the  solubility  of  helium  and  nitrogen  in  I R FN A 
at  one  atm  in  parts  per  million  (ppm). 


(rc 

25‘C 

Helium 

0.73 

0.86 

Nitrogen 

24 

62.8 
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2.1.5  THERMODYNAMIC  PROPERTIES 
OF  NITRIC  ACID,  TYPE  III 
{RED  FUMING) 

2. 1.5.1  Heat  of  Formation 

From  the  literature,  several  values  for  the  heat 
of  formation  of  nitric  acid  were  reported.  The 
values  va»'ied  due  to  differences  in  temperature, 
state  of  aggregation,  and  state  of  combination. 
Although  it  is  understood  that  standard  state 
conditions  are  at  room  temperature  and  one  atmos- 
phere pressure  for  the  formation  of  the  compound, 
the  temperature  could  be  18®C  or  25X. 


TABLE  2.1-3  HEAT  OF  FORMATION,  VARIOUS  NITRIC  ACIDS 


Typa  of  Nitric  Acid 

Hf  Value 
cal/mole 

Temperature 

•K 

Reference 

Pure  HNO3 

-41,349 

298.15 

Stern,  Mulhanpt,  and  Kay  (14) 
Evered  (6) 

IRFNA 

-41,000 

Not  reported 

Propellant  Handbook/HPL  (3) 

RFNA  (85w/o  HNO3 
16w/o  NO3) 

-33,500 

298.15 

Aerojet-General  (7) 

RFNA  (Nominal) 

-37,700 

298.15 

Estimated,  this  work 

The  heat  of  formation  for  nominal  RFNA 
was  estimated  by  summing  the  heat  of  formation 
due  to  each  of  the  fractional  products  that  make 
up  an  apparent  molecular  mole  of  the  substance 
plus  the  heat  of  solution  of  water. 


Basis:  lOOg 
Constituent 

Weight,  g 

g-moles 

mole-fraction 

AH,  of 
Constituent 
cal/mole 

AH,(i) 

cal/mole 

HNO3 

84 

1.333 

0.7624 

-41,349  (14) 

-31,525 

NO3 

14 

0.304 

0.1741 

- 7,431  (6) 

- 1,294 

HjO 

2 

0.111 

0.0635 

■68,400  (8) 

- 4,343 

Integral  heat  of  solution  (0.08  mole  H 

2O  per  mole  HNO3)  (15) 

Total 

-500  ost. 
-37,662 

2.1J5.2  Maltiiiji  Point  and  Heat  of  Fusion 

According  to  Stern,  Mullhaupt,  and  Kay  (14) 
the  value  reported  by  Forsythe  and  Giauque, 
namely,  41.59®C,  for  the  melting  point  for  pure 
nitric  acid  is  considereo  the  best  in  the  literature. 
Penner  listed  -41.64X  (10).  But  for  the  other 
forms  of  nitric  acid,  there  are  varied  values  as 
shown  below; 
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TABLE  2.14  MELTING  POINT  OF  VARIOUS  FORMS  OF  NITRIC  ACID 


Type 

Temperature 

Reference 

°C 

“F 

Pure  HNO3 

41.69 

42.9 

Stern,  Mullhaupt,  and  Kay  (14) 
Evered  (6) 

99.65  w/o  HNO3, 
.35  H2O 

42.1 

43.7 

Evered  (6) 

RFNA 

■52 

-61 

CPIA  (1) 

85  w/o  HNO3, 
15  w/o  NO2 

48.9 

-56 

Aerojet-General  (7) 

RFNA 

48.9 

-56 

Aerospace  Handbook  (2) 

IRFNA 

•50 

•58 

Propellant  Handbook/RPL  (3) 

The  range  may  vary  from  -48  to  -52"C  de- 
pending upon  the  composition  of  the  RFNA.  Both 
Aerojet-Generai's  and  the  Aerospace  Corporation's 
value  may  be  based  on  Elverum's  effort  in  a 1954 
Cal.  Int.  Tech  publication  (16). 

Stern,  Mullhaupt,  and  Kay  (14)  report  that 
the  value,  2503  ± 2 cai/mole,  determined  calori- 
metrically  by  Forsythe  and  Giauque  is  considered 
the  most  reliable  for  the  heat  of  fusion  of  pure 
nitric  acid. 


2.1. 5.3  Critical  State  Constants 

Experimental  values  for  the  critical  constants 
of  RFNA  do  not  exist.  Even  such  data  for  anhy- 
drous nitric  acid  could  not  be  found.  It  is  quite 
probable  that  experimental  data  do  not  exist  be- 
cause of  not  being  able  to  maintain  pure  HNO3  at 
elevated  temperature  without  the  HNO3  decompos- 


ing. Therefore,  pseudocritical  properties  are  esti- 
mated. 

Gambill  (17,18)  outlines  various  methods  for 
predicting  pseudocritical  values  when  no  experi- 
mental data  are  available.  He  includes  the  method 
of  Kay  (19)  for  determining  the  pseudocritical 
temperature  and  pressure  of  a mixture,  which  is 
summing  the  contribution  of  the  product  of  the 
mole-fraction  of  tne  constituent  and  its  critical 
temperature  or  pressure,  namely,  Tp^  = X|Tg|  or 
Ppc  “XiPeP 

For  the  nominal  RFNA,  the  recommended 
pseudocritical  value  of  temperature  is  524“F.  This 
compares  favorably  with  the  value  of  520°F  esti- 
mated by  Aerojet  (7)  for  RFNA  (85  w/o  HNO3, 
16  w/o  N02).  CPI  a (1)  and  Aerospace  (2)  also  cite 
520°F  for  RFNA.  The  temperature  of  524“F  is  the 
average  of  the  values  determined  for  RFNA  having 
all  Nj04  or  all  NO2  existing  along  with  HNO3. 
The  values  are  given  below: 


TABLE  2.1-S  PSEUDOCRITICAL  CONSTANTS  OF  NOMINAL  RFNA 


Constituent 

Mole-fraction,  X| 

Tcl* 

•R 

Pci. 

ptia 

XcTe 

X|Pc 

NO2 

N2O4 

NO2 

NaOe 

NO2 

N2O4 

HNO3 

0.7624 

0.8351 

1003.67 

1240 

765.2 

838.2 

945.4 

1036.5 

NO2 

0.1741 

776.16 

1466 

136.1 

255.2 

N2O4 

0.0953 

776.47 

1470 

74.0 

140.1 

H2O 

0.0636 

0.0695 

1165.2 

3204 

74.0 

81.0 

203.4 

222.7 

Total 

Average 

I “ Individual  constituent 

974.3  093.2 

1404.0  1398.3 

614.6  633.5 

Tpc  - B24*F 

Ppc  ■ 1401.2  psia 
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The  recommended  pseudocritical  pressure  for 
nominal  RFNA  is  1401.2  psia.  It  is  higher  than 
(0*^  Aerojet's  value  of  1286  psia  for  RFNA  (85  w/o 

HNO3,  IS  NO2)  because  of  the  influence  of 
water  in  the  nominal  mixture. 


Gambil!  (18)  cites  a simple  relationship  for 
calculating  proposed  by  Benson  (20),  namely: 

' V^/Vb'^2.68  (2.1-13) 

Vq  >■  critical  volume,  cc/g-mole 

) V5  “ volume  at  normal  boiling  point,  cc/g-mole 


2. 1.5.4  Heat  Capacity  of  Red  Fuming  Nitric  Acid 

The  heat  capacity  of  RFNA  (85  w/o  HNO3, 
15  w/o  NOj)  was  plotted  by  Aerojet-General  (7) 
citing  the  work  of  Mason,  Booman,  and 
Elverum  (21)  as  their  source.  Some  of  the  same 
values  are  apparently  reported  by  the  Aerospace 
Handbook  (2). 

The  values  are  plotted  in  Figure  2.1-7. 

Using  the  least  square  method,  the  following 
equations  are  presented  to  calculate  heat  capacity 
as  a function  of  temperature  for  the  range  -50  to 
148*F; 

Cp  (cal/g-*K)  - 0.3779  -M.406  x 10  -*  (T,  “K) 

(2.1-14) 

Cp  (BTU/lb-“R)  -0.3779 7.800  X 10-6  (T,*R) 

(2. 1-1 4a) 

The  standard  deviation  is  5.85  x 10'^  cal/g-°K 
for  equation  2.1-14.  The  average  deviation  is 
0.83  percent. 
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Figure  2.1-7.  Heat  Capacity  of  RFNA  versus  Temperature 


P,  = vapor  pressure,  atm  or  mm  Hg, 

(.945  atm) 

AH^,  = heat  of  vaporization,  cal/mole 
R = 1 .987  = gas  constant,  cal/°K-g-mole 
T2  = temperature,  “K,  (337.34“K) 

Ti  “ temperature,  ®K,  (336.34®K) 

The  molecular  weight  was  57.2  g/mole. 

The  vapor  pressure  is  calculated  from  equation 
2.1-3. 


i 


2. 1.5.5  Latent  Heat  of  Vaporization 

The  heat  of  vaporization  at  the  normal  boiling 
point  for  nominal  RFNA  is  calculated  to  be  8032 
cal/mole  (140.4  cal/g  or  252.8  BTU/lb)  from  the 
Clausius-Clapeyron  equation, 


P2  AH,  [vy 
'P,  “ 1.987  LTiTJ 


(2  1-15) 


P5  = vapor  pressure,  atm  or  mm  Hg,  (1  atm) 


2.1.6  LOGJSTICS  OF  NITRIC  ACID. 

TYPE  ill  (RED  FUMING} 

2.1. 6.1  Manufacture 

The  principal  supplier  of  I R r N A at  the  present 
time  is  the  Allied  Chemical  Corporation  in  Buffalo, 
New  York.  Allied's  IRFNA  manufacturing  process 
is  as  follows: 

Ammonia,  produced  at  another  Allied  plant, 
is  oxidized  by  air  in  a stainless  steel  oxidizer  unit. 
The  oxidation  product,  NO,  is  oxidized  further  by 
air  to  NO2  that  is  then  absorbed  by  condensate 
water  in  a 400  series  chrome  steel  tower  to  pro- 
duce a nitric  acid  of  about  65  percent  HNO3.  The 
nitric  acid  is  concentrated  in  an  aluminum  Pauling 
tower,  using  concentrated  sulfuric  acid  that  is  also 
an  Allied  product.  Nitric  acid  of  97  percent  con- 
centration is  obtained  from  the  Pauling  tower. 
Allied  anhydrous  hydrogen  fluoride,  Hercules 
nitrogen  dioxide,  and  water  are  added  to  the  con- 
centrated nitric  acid  in  an  adjustment  tank  to 
blend  an  acid  meeting  the  MIL-SPEC  demands. 

The  process  equations  are  as  follows: 

4 NH3  + 5 O2  (air) ► 4 NO  + 6 HjO 

2 NO  + O2  (air) 2 NOj 

3 NO2  + HjO ►2  HNO3  + NO 

Another  method  of  manufacture  was  the  pro- 
cess used  by  Hercules  Chemical  Company,  Hercules, 
California.  Their  IRFNA  manufacturing  process  is: 

Hydrogen  gas,  obtained  from  the  cracking  of 
natural  gas,  is  combined  with  nitrogen  from  the  air 
to  produce  ammonia.  The  ammonia  produced  by 
the  direct  synthesis  process  is  then  converted  to 
nitric  acid  by  catalytic  air  oxidation.  The  nitric 
acid  thus  produced  is  concentrated  in  a reboiler, 
using  sulfuric  agid  obtained  from  the  Stauffer 
Chemical  Company.  Aqueous  hydrogen  fluoride, 
NO2,  and  condensate  water  are  added  to  the  con- 
centrated acid  to  produce  an  acid  conforming 
to  the  Military  Specification.  Quality  control  tests 
are  made  on  all  starting  materials.  The  equations 
for  the  process  are: 

N2  +3  H2 M2NH3 

2 NH3  + 3 O2  (air) NO  + NOj  + 3 HjO 

2 NOj  + HjO  + Vi  O2  (air)-^2  HNO3 


2.1. 6.2  Analysis 

Tha  analysis  of  propellant  grade  IRFNA  is 
covered  in  MIL-P-7254F  (30  April  1870)  including 
Amendment  2 dated  18  January  1972.  Only  Type 
IIIB  and  Type  MILS  are  currently  being  procured. 

The  acid  sample  is  analyzed  by  first  neutra- 
lizing the  sample  and  then  performing  additional 
analyses. 

The  nitrogen  dioxide  content  is  determined 
using  a 0.1  N ceric  solution,  a 1 N H2SO4  solution, 
a standardized  0.05  N ferrous  ammonium  sulfate 
reagent,  and  a pH  meter.  The  NO2  content  is  calcu- 
lated from  the  following  formula: 

Weight  % 0^4+  ^ pg2+  x N. ) x 4.601 

^ w7o!2— ’ 

N = normality  of  the  ceric  solution 

N,  = normality  of  the  ferrous  ammonium 
sulfate 

W “ original  weight  in  grams 

The  hydrogen  fluoride  content  of  the  oxidizer 
is  measured  by  adjusting  the  pH  of  the  solution  to 
5.5  by  the  addition  of  citrate  buffer  and  then  cal- 
culating the  ppm  of  fluoride. 

The  specific  gravity  shall  be  as  follows: 

Type  IIIB  1.564  - 1.575  at  BO^F 

Type  MILS  1.572  • 1.582  at  6(TF 

The  total  solids  as  nitrates  of  all  types  in  the  pro- 
pellant shall  not  exceed  0.04  percent  by  weight. 
In  addition,  the  iron  oxide  content  of  Type  MILS 
propellant  shall  not  exceed  .0020  percent  by 
weight.  The  iron  content  may  be  determined  by 
ASTM  D-1068,  Method  A,  paragraph  12  or  using  a 
suitable  atomic  absorption  spectrophotometer. 

2. 1.6.3  Cost  and  Availability 

Inhibited  Fuming  Nitric  Acid  (IRFNA)  is 
readily  available  in  large  quantities  for  aerospace 
industries.  The  principal  use  of  IRFNA  is  the 
rocket  engine  oxidizer  for  the  Bullpup  A and 
Lance  missiles  and  as  a constituent  in  the  oxidizer 
for  the  Agena  vehicle. 

At  the  present  time,  IRFNA  is  being  supplied 
to  the  government  by  Allied  Chemical  Company. 
The  unit  price  for  Type  IIIB  or  MILS  is  $0.22/ 


1 
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pound  from  the  government.  The  government  pro- 
cured 600,000  pounds  of  nitric  acid,  Types  1 1 IB 
and  LS,  in  1976  (22). 


2.1.6.4  Shipping  and  Transportation 

The  requirements  for  shipping  and  transpor- 
tation of  nitric  acid  are  specified  in  Reference  (9). 
Excerpts  are  included  here  for  information. 

The  product  furnished  under  this  specifica- 
tion is  a hazardvous  ntateriai  as  defined  and  regu- 
lated by  the  Department  of  Transportation  (DOT) 
regulations.  All  packaging  and  shipping  commer- 
cially by  any  mode  of  transportation  shall  comply 
with  the  requirements  of  DOT  regulations  49  CFR 
171-190,  or  DOT  special  permit  obtained  in  accord- 
ance with  4s)  FR  170.13  by  the  shipper  in  con- 
junction wi'  ' the  Commander,  Headquarters 
Military  Trau  /lanagement  and  Terminal  Service, 
Attn;  Safety  Division  (TES),  Washington,  D.C. 


20315.  All  packaging  to  be  shipped  by  military  air 
shall  comply  with  DSAM  4145.3  (AFM  71-4). 

The  following  listed  containers  are  considered 
acceptable  for  military  use  and  are  approved  for 
nitric  acid  by  DOT  regulations  as  specified  in  49 
CFR  173.268  or  DOT  special  permits  as  stated. 
Types  illA  and  IIIB  propellant  should  be,  on  a 
preferential  basis  and  to  the  greatest  extent  feasible, 
shipped  in  aluminum  containers;  however,  stainless 
steel  (300  series)  ma^y  be  used.  Types  MILS  propel- 
lant should  be  shipped  exclusively  in  aluminum 
containers. 

a)  Sample  quantities  as  specified  in  DOT 
special  permit  no.  2100, 

b)  Aluminum  drums  of  specification  DOT 
42B  and  conforming  to  MIL-D-4303. 

c)  Tank  cars  of  specifications  DOT  103A-AL- 
W,  103C-W,  or  103C-AL 

d)  Cargo  tanks  of  specifications  DOT  MC  310, 
MC311,or  MC312. 
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2.2.1  PROPERTY  SUMMARY  SHEET 


Chtmical  Nama:HDA  - Type  IV  --  IMDFNA  Common  Name;  High  Density  Acid:  Inhibited  Maximum 

Density  Fuming  Nitric  Acid 

Chemical  Formula:  H£806  03J264  f^.0248  Formula  Weight:  70.897  (nominal)  (O’^j 


Property 

Value 

Units 

Temp  (*K) 

Reference 

Figure 

Melting  Point 

235.95 

“K 

3 

-37.2 

°C 

424.67 

“R 

•35 

•F 

Heat  of  Fusion 

116.3* 

cal/g 

235.95 

1 

209 

BTU/lb 

(MP) 

Normal  Boiling  Point 

297.85 

•K 

3 

24.7** 

*C 

636.17 

*R 

76.6** 

•F 

Heat  of  Vaporization 

7.0** 

Kcal/mola 

NBP 

3 

270** 

BTU/lb 

297.8 

Heat  of  Disassociation 

Not  available 

Critical  State  Constants 

Temperature 

640.15 

•K 

3 

267* 

*C 

972.27 

•R 

512.6* 

•F 

Pressure 

97.6* 

atm 

3 

1428* 

psia 

Density 

0.6837* 

g/cc 

3 

42.68* 

Ib/ft3 

Vapor  Pressure  of  Liquid 

1.01 

atm 

1 

14.9 

psia 

2.2-2 

Density  of  Liquid 

1 .624 

g/cc 

298.15 

3 

2.2-3 

101.4 

Ib/ft3 

Sonic  Velocity  (liquid) 

1403 

m/$ec 

298.15 

3 

2.24 

4635 

ft/sec 

Compressibility  of  Liquid 

atm-1 

Adiabatic 

3.157x10-6 

3 

2.2-5 

2.148x10-6 

p$i-i 

Isothermal 

Not  available 

Viscosity  of  Liquid 

2.28 

Centipolse 

298.15 

3 

2.2-6 

1.64x10-3 

Ibm/ft-sec 

Heat  Capacity  of  Liquid 

0.4436* 

cal/g-“C 

298.15 

1 

2.2-10 

0.4435* 

BTU/lb-*F 

Thermal  Conductivity  of  Liquid 

7.27x10--«* 

cal/sec-cm-'K 

298.15 

1 

2.2-8 

0.1771* 

BTU/hr-ft-*F 

Surface  Tension 

29.9 

dynes/cm 

298.15 

2 

2.2-7 

2.04x10-3 

lb, /ft 

Refractive  Index 

Not  available 

Dielectric  Constant 

Not  available 

Entropy  (Gas) 

Not  available 

Entropy  (Liquid) 

Not  available 

Heat  of  Formation 

■31.678* 

Kcal/mole 

298.15 

3 

(Liquid) 

-779.4* 

BTU/lb 

*Estimated  Value 

**Calculated  from  vapor  pressure  equation 


2.2.?  GENERAL 


2.2.2.1  Introduction 

Early  rocket  engines  such  as  the  Agena  were 
developed  using  fuming  nitric  acid  as  the  oxidizer. 

It  was  discovered  that  by  increasing  the  nitrogen 
tetroxide  content  in  nitric  acid,  performance  could 
be  increased  (specifically  for  the  Agena  engine) 
thus  creating  the  requirement  for  what  is  known  as 
high  density  acid.  Nitric  acid  readily  dissolves 
N2O4  to  form  a mixture  that  reaches  maximum 
density  for  a particular  temperature.  Lockheed  (1) 
has  compiled  and  evaluated  the  most  recent  data 
on  HDA.  A phase  diagram  study  of  Elverum  (4) 
was  documented  by  Lockheed  and  is  reproduced 
herein  as  Figure  2.2-1.  This  provides  some  of  the 
data  describing  the  physical  characteristics  of  the 
mixture  of  nitric  acid  and  N2O4  making  up  HDA.  ,, 

- t ^ 

The  nominal  composition  of  HDA  is: 

54.8  w/o  HNO3 
44.0  w/o  N2O4 
0.6  w/o  HjO 
0.7  w/o  HF 

The  addition  of  HF  was  found  to  inhibit  the  cor- 
rosive action  of  nitric  acid  and  N2O4  on  the  rocket 
container  materials.  Another  inhibitor,  Phos- 
phorous Pentafiuoride  (PFg),  has  been  found  to  be 
a superior  inhibitor  (17)  but  has  not  bean  incorpor- 
ated into  the  military  specification. 

From  the  phase  diagram,  there  exists  a com- 
pound with  the  composition  2 HNO3  • N2O4.  The 


compound  2HN03-N204  has  a N2O4  content  of 
42  percent,  slightly  lower  than  the  44  percent 
N2O4  content  of  the  nominal  high  density  acid. 
Thus,  the  HDA  mixture  can  be  approximated  by 
the  chemical  formula,  2HN03-N204.  The  empiri- 
cal formula  is  HQggQ2N^  g261^4.6496^0.0360  9’ 
atoms/1  OOg  mixture.  The  apparent  molecular 
weight  is  70.897  for  the  nominal  composition  of  1 
g-mole. 

2.2.2.2  Structure 

High  density  acid  is  a mixture  with  two  major 
components,  HNO3,  and  N2O4.  The  structure  of 
HNO3  is  discussed  in  section  2. 1.2. 2.  The  structure 
of  N2O4  is  discussed  in  section  2. 3. 2. 2. 

2.2.2.S  Specification 

The  procurement  and  analysis  of  HDA  are 
controlled  under  Military  Specification  MIL-P- 
7254F  (30  April  1970),  Amendment  2 (18  January 
1972).  This  specification  defines  the  composition 
range  for  HDA  as  follows: 

HNO3  percent  by  weight 

NO2  percent  by  weight 

HF  percent  by  weight 

H2O  percent  by  weight 

FejOs  percent  by  weight 

Solids  w/o  as  nitrate 
Specific  gravity,  60  “F/60  °F 

1 .642  min  1 .652  max. 

No  specification  exists  for  the  Modified  HDA  with 
the  PFg  inhibitor. 


52.7-57.4 
44  ±2 
0.7  ±0.1 
0.6  max. 
0.002  max. 
0.04  max.  i ‘ 


2.2-3 


Figure  2.2-1.  Phase  Diagram  for  HNOj  -Nj04  System 
(From  JPL-20-224.  24  May  1964) 
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2.2.3  PHYSICAL  PROPERTIES  OF  HDA 
2.2.3. 1 Vapor  Pressure  and  Normal  Boiling  Point 
of  HDA 

Lockheed  (1)  documented  that  vapor  pres.sure 
and  equilibrium  pressure  measurements  have  been 
made  at  the  laboratories  of  Beil  and  Rocketdyne 
(2,3).  They  noted  a disagreement  of  vapor  pressure 
data  exists  at  temperatures  below  54°C  (130“F); 
the  Rocketdyne  (3)  pressures  being  greater  than 
those  reported  by  Bell  (2).  By  comparing  N2O4 
data  at  the  lower  temperature,  Lockheed  recom- 
mends that  Bell  data  be  used  for  temperatures 
below  54*C  (lOfy’F)  and  the  Rocketdyne  data  be 
used  for  the  higher  temperatures. 


The  experimental  data  included  four  compositions 
of  mixture,  a temperature  ramge  of  -17  to  129°C 
(1  to  264°F),  NOj  (N)  ranges  of  43.2  to  45.6  w/o 
NOj,  and  HjO  (W)  ranges  of  0.4  to  1.7  w/o  HjO. 
The  standard  error  estimate  is  equivalent  to  4.0 
percent  in  pressure. 

Equations  2.2-1  and  2.2-1  a reduce  to  the  fol- 
lowing expressions  for  the  nominal  composition; 

I__  n n 3448.12,282926 
lo8,oP(atm)  - 8.3872  • 

(2.2-2) 


Rocketdyne  produced  the  following  equa- 
tions by  correlating  their  vapor  pressure  data  (108 
points)  by  use  of  the  least-squares  curve-fit 
technique: 

log,oP(atm)=  /0.7662-^^j^ 

- 5.43556  X 10-2  N(„/o) 

+ 2.5549  X 10-2W(„/„, 


N 


<w/ol 

(T,“K) 


+ 28.5033 

. 282926 
(T,  »K)2 

log,oP(psia)  - 1 1 .9347  - 

- 6.43838  X 10-2 
+ 2.5548  x 10-2W,^/„, 


(2.2-1) 


51.3221 

916700 

(T,»R)2 


(T,*R) 


(2.2-1  a) 


logioP(psia)=  9.5545-^^^ 


916700 
(T,  “R)2 


(r.2-2a) 


Graphs  for  the  nominal  values  by  Rocketdyne  are 
shown  in  Figures  2.2-2  and  2.2-2a,  Bell  tabulated 
test  data  (2)  as  dashed  lines  are  also  plotted. 


The  normal  boiling  point  of  HDA  was  calcu- 
lated by  Rocketdyne  (3)  based  on  their  vapor 
pressure  correlations.  The  normal  boiling  point  of 
the  nominal  HDA  (54.8  w/o  HNO3,  w/o 
NO2,  0.5  w/o  HjO,  0.7  w/o  HF)  was  calculated  at 
?4.7"C  (76.5*F)  for  1 atm. 


Pressure  (atnr ) 


) 


) 


2.2 -e 


2.2.S.2  Density  of  Liquid  HOA 

Density  measurements  were  made  by  Rocket- 
dyne  (3,  5)  of  liquid  HDA  using  the  Poole-Nyberg 
densimeter.  Bell  (2)  made  specific  gravity  measure- 
ments using  a capillary  pycrometer.  Lockheed  (1) 
documents  Rocketdyne's  recent  (3)  correlations  of 
denisty  measurenients.  Rocketdync  derived  the 
following  expressions  of  density  as  a function  of 
temperature  and  composition  by  use  of  a least- 
squares  curve  fit  computer  program: 

/»(g/cc)  = 1.7889-1.8391  x 10‘3(t.X) 

- 5.82  X 10-6  (t,‘C)2 

■ 2.420  X 1 0-3 

■ 1.750  X 10-2W(^/o,  (2.2-3) 

= 113.61  ■ 5.66  X 10-2  (t/F) 

- 1.12X  10-<  (t,“F)2 
-0.1511  -1. 093 

(2.2-3a) 


The  earlier  data  (5)  were  not  used  by  Rocketdyne 
because  earlier  HDA  compositions  were  not  as 
accurately  controlled  as  the  more  recent  measure- 
ments (3).  The  standard  error  of  estimate  of  these 
equations  are  0.0017  g/cc  and  0.106  Ib/cuft  re- 
spectively, over  a temperature  range  of  1 t^ 
68°C  (34  to  155®F>  and  composition  variations  of 
43.5  to  45.6  w/o  NOj  and  0.4  to  1.7  w/o  HjO. 

For  the  nominal  composition  of  HDA  and  i|?i 
terms  of  absolute  temperatures,  density  values  are 
expressed  as  follows: 

/9(g/cc)  = 1.7418+  1.3404  X 10‘3  (T,*K) 
-5.82X  10-6  (T,"K)2 

(2.2-4) 

/>(lb/ft3)=  108.78  + 4.64  X 10-2  (T,*R) 

- 1.12  X 10“  (T,  °R)2 

(2.2-4a) 

These  correlations  are  shown  graphically  in  Figures 
2.2-3  and  2.2-3a. 
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2.2.3.S  Sonic  Velocity  in  Liquid  HDA 

Rocketdyne  (3),  provides  the  sonic  velocity 
measurements  for  three  different  HDA  formula- 
tions over  a temperature  range  of  1 to  60“C  (34  to 
140“F)  under  saturated  liquid  conditions.  Composi- 
tion ranges  were  43.4  to  46.6  w/o  NOj,  and  0.4  to 
1.7  w/o  HjO.  The  resulting  data  were  curve-fitted 
and  yielded  the  following  expressions  for  sonic 
velocity  as  a function  of  temperature  and  composi- 
tion: 

c(m/sec)  = 2180.0-3.523  (T,“C) 

- 1.45  X 10-2  (T,“C)2 
-14.977N,^/„,  -40.6W,,/,, 

(2.2-5) 

c(ft/sec)  = 7343  - 5.482  (T,  “F) 

-1 .47  X 10-2  (T/F)2 
-49.14N,^/o)-133W,^/„ 


The  standard  errors  of  estimate  of  the  just-men- 
tioned equations  are  6.3  m/sec  and  20.6  ft/sec 
respectively.  For  the  nominal  composition  of  HDA 
and  in  terms  of  absolute  temperature,  the  above 
equations  reduce  to; 

c(m/sec)  = 1381.161  -t- 4.398  (T,“K) 

- 1.45  X 10-2  (T,“K)2 

(2.2-6) 

c(ft/sec>  = 4558.202  + 8.032  (T,  °R) 

- 1.47  X 10-2  (T,“R)2 

(2.2-6a) 

These  correlations  are  presented  graphically  in 
Figures  2.2-4  and  2.2-4a. 


(2.2-5a) 


Velocity  (m/sec) 


2.2.S.4  Compressibility  of  Liquid  HDA 

The  adiabatic  compressibility  of  HDA  was 
calculated  from  the  equation; 


where: 

= adiabatic  compressibility  of  the  liquid 
P =»  density  of  the  liquid 
c = velocity  of  sound  in  the  liquid 

Rocketdyne  used  their  experimental  data  for  liquid 
density  (Section  2.2.3.2)  and  sonic  velocity  (Sec- 
tion 2.2.3,3)  in  the  calculation  of  the  adiabatic 
compressibility.  The  resulting  correlation  is  given 
by  the  following  equations: 

(atm- M “6.097  X 10-^ 

■ 2.9506  X 10  ’ (T/C) 

+ 9.126  X 10-’O  (T/C)2 
+ 1.718  X 10-n  T/C)3 
+ 5.794  X 10-’N,^^„, 

+ 1.727  x 10-«W,^/„ 

+ 9.808  X 10-9  (T/C) 

+ 2.84xlO-8W(^/„,  (T/C) 

(2.2-8) 

(psi-M  -4.115X  10-’ 

•1.1765  X 10  8 (T,  *F) 

- 8.107  X 10-^<  (T/F)2 
+ 2.006  X 10  13  (T,‘’F)3 
+ 2.756  X 10-8N,,/,, 

+ 8.318  x10-8W(^;„ 

+ 3.708  X 10-1  ON, (T,“F) 

•f  1.074  X 10-9W,^;„,  (T/F) 

(2.2-8a) 


The  standard  errors  of  estimate  for  these  equations 
are  8.7  x 10  3 atm  ' and  5.9  x 10-9  psi-i,  respec- 
tively. There  expressions  are  valid  for  temperatures 
from  1 to  60°C  (34  to  HO^F),  N2O4  concentra- 
tions from  43.4  to  45,6  w/o,  and  HjO  concen- 
trations from  0.4  to  1 .7  w/o. 


For  nominal  HDA  and  in  terms  of  absolute 
temperatures,  the  aforementioned  equations 
reduce  to: 

jS,  (atm-M  - - 2962.39  X 10  ’ 

+ 34.976  X 10  ’ (T,"K) 

- 131.655  X 10-10  (T,“K)2 
■r  1.718X  10-1’  (T,‘K)3 

(2.2-9) 


/3,  (psi-i)  =-201.641  X 10  ’ 

+ 1.3225  X 10  -’  (T,"R) 

- 2.7657  X 10  10  (t,“R)2 
2.005  X 10-13  (t/R)3 

(2.2-Ra) 

The  calculated  data  is  graphically  presented  in  Fig- 
ures 2.2-5  and  2.2-5a. 


Experimental  data  for  the  isothermal  compres- 
sibility of  liquid  HDA  does  not  appear  in  the 
literature. 


Adiabatic  Compressibility  (psf ' ) x 10' 


3.30 


3.10 


2.90 


2.70 


630  660  570 

Temperature  (*R) 


610 


Figure  2.2-6a.  Adiabatic  Compressibility  of  Liquid  HDA  versus  Temperature 
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2.2.5.5  Viscosity  of  Liquid  HDA 

Viscosity  measurements  were  made  on  three 
MDA  formulations  over  a temperature  range  of 
1.1  to  54, 4X  (34  to  130®F)  using  a modified  Ost- 
wald  glass  capillary  viscometer  (3).  Curve-fitted 
correlations  were  developed  for  the  range  of 
temperature  as  well  as  the  composition  range  of 

42.5  to  46.6  w/o  NOj,  0.4  to  2.0  w/o  HjO.  These 
equations  are; 


log  p (cp)  = 0.27546  - 


470.888 

(T. 


+ 


216430 

(T.*K)2 


- 1.70171  X 10-2N,^/„, 


• 4.6580  X 10-2 W 


(vw/o) 


(2.2-10) 


logp  (lb„,/ft-sec)  « -2.89701 

847.874  701369 

(T/R)2 

■1.70171  X 10-2N,^;„, 

- 4.6580  x 10-2W,^/^, 

(2.2'10a) 


where: 

p ■=  absolute  viscosity,  centipoise  or 
lb,„  /ft-sec 

T = absolute  temperature,  Kelvin  or  Rankine 
N = NO.2  concentration,  weight  percent 
W = water  concentration,  weight  percent 

The  standard  error  of  estimate  of  the  aforemen- 
tioned equations  is  1 .6  percent  in  absolute  viscosity. 

For  the  nominal  composition  of  HDA,  the 
equations  reduce  to; 


log  p (cp)  ® -0.496.50  • 


470.888 

(T,“K) 


216430 

(t,*K)2 


(2.2-11) 

logp  (Ib^ /ft-sec)  “ -3.66905 

847.874  701369 
■ (T,*R)  (T,‘R)2 

(2.2-1  la) 

The  relationships  are  plotted  in  Figures  2.2-6  and 
2.2-6a. 
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Figure  2.2-6a.  Liquid  Viscosity  of  HDA  versus  Temperature 
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2.2.S.6  Surface  Tension  of  Liquid  HDA 

The  surface  tension  of  liquid  HDA  has  been 
experimentally  determined  by  Bell  Aerospace  (2). 
Measurements  were  made  using  sapphire  capillaries 
and  surface  tension  values  were  computed  from  the 
capillary  rise  formula.  The  composition  of  HDA 
tested  was  as  follows  (approximated  the  nominal 
composition). 

54.6  w/o  HNO3 
44.3  w/o  NO2 
0.4  w/o  HjO 
0.8  w/o  HF 


The  temperature  range  was  from  -20“F  to  100“F. 
The  surface  tension  values  for  HDA  are  plotted  on 
Figures  2.2-7  and  2.2-7a.  Using  the  least-squares 
curve  fit  method,  surface  tension  as  a function  of 
temperature  is  given  as  follows: 

7 (dynes/cm)  = 107,33  - 0.2597  (T,“K) 

(2.2-12) 

7(lb,/ft)  = 7.359x10-3- 9.895  X 10-6  (j/R) 

(2.2-1 2a) 

Standard  deviations  for  equations  2.2-1 2 and  2.2-1 2a 
are  0.68  dynes/cm  and  4,522  x 10'®  Ibj/ft  respec- 
tively. 
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22.Z.1  Thermal  Conductivity  of  Liquid  HDA 

Lockheed  (1)  calculated  estimated  thermal 
conductivity  values  of  liquid  HDA  as  a function  of 
temperature  using  Weber's  relation  (6): 

K = 3.59  X 10-3  Cp  (2.12-13) 

where: 

K = thermal  conductivity,  cal/sec  - cm  • *C 
Cp  = heat  capacity,  cal/gm-'’C 

P = density,  gm/cm3 

M = molecular  weight 

M » 73.16  (Section  2.2.2.1) 

The  heat  capacity  and  density  values  used  by  Lock- 
heed were  the  recent  empirically-derived  data  dis- 
cussed in.Section  2. 2.4.4  and  2.2.3.2,  respectively. 

Using  the  least-squares  curve-fit  method, 
estimated  thermal  conductivity  of  nominal  HDA 


may  be  expressed  as  follows: 

K (cal/cm-sec-'K)  - - 3.526  x 10'3 

+ 4.261  X 10-6  (T,“K) 

- 1.392  X 10  ’ (T,“K)2 
+ 1.479  X lO-’o  (T,*K)3 
(2.2-14) 

K (BTU/ft-sec-*R)  =-2.367  x ID-* 

+ 1.589  X 10  e (T,*R) 
-2.881  X 10-9  (T,*R)2 

+ 1.701  X 10’2  (T,“R)3 
(2.2-14a) 

From  equation  2.2-14  a standard  deviation  of 
2.449  X 10  ’ cal/cm-sec-°K  is  obtained.  The  esti- 
mated thermal  conductivity  values  are  plotted  on 
Figures  2.2-8  and  2.2-8a. 


22-2Z 


7.5 


*t 

o 

rH 

X 

O 

0) 

V9 

s 


7.3 


I 

>» 

V 


u 

•o 

c 

o 

0 

73 

1 


6.9 


6.7 


. 

■ 

■ 

1 

■ 

B 

■n 

■ 

■ 

■ 

a 

■ 

i 

i 

i 

B 

B 

B 

B 

B 

a 

i : . 

■ 

i 

■ 

i 

i 

a 

a 

a 

B 

B 

"“*n 

. . . 1 

i 

i 

i 

a 

a 

a 

B 

B 

1 

g 

■ 

B 

a 

B 

B 

■ 

B 

n 

^“1 

u—j 

i 

■ 

B 

a 

B 

B 

a 

B 

B 

1 1 I • 

. • 

■ 

H 

■ 

B 

B 

B 

B 

* . i . 

. . ■ : 

■ 

■ 

■ 

B 

Ik? 

B 

: . 

■ 

■ 

■ 

B 

B 

mm 

BB 

B 

i ' 1 > 

■ 

■ 

■ 

B 

■H 

n 

B 

iS^ 

a 

B 

Bflai 

m 

BB 

■nn 

• f ' : 

, j ‘ 

HR 

DM 

HI 

B 

MB 

DIB 

B 

B 

B 

BM 

Bin 

B 

9$  ^ 

;3r 

1 Values  (1, 

w 

■Bi 

IH 

n 

tCw 

HHf 

yy 

iBlf  1 

pm 

Bi 

n*n 

BQjll 

t K (cal/cm-sec 

-"K)=- 

•3.5 

26  i 

IQ! 

s 

a 

a 

a 

a 

B 

a 

a 

+ 4.261  X 

“K)-  1.392  X lOr’  (T, 

"K)^L 

1 

t 

+ 1.479  X 10-‘®  (T/K)’ 

rr— T r - ■ i - r—r:  -Trir-r-i-T-r-  t , -r  • . 

(2.2-14) 

I • 

[I 

rail 

260 


280  300 

Temperature  (*  K) 


320 


340 


Figure  2.2-8.  Thermal  Conductivity  of  Liquid  HD  A versus  Temperature 
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Figure  2.2-8a.  Thermal  Conductivity  of  Liquid  HDA  versus  Temperature 
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2.2.4  CHEMICAL  PROPERTIES  OF  HDA 


2.2.4. 1 Chemical  Reactions 

High  density  acid  is  basically  a mixture  of 
nitric  acid  and  nitrogen  dioxide  or  nitrogen  tetrox- 
ide;  thus,  the  chemical  reactions  of  HDA  are  those 
which  nitric  acid  and  NO2  (N2O4)  will  undergo. 
The  reactions  of  nitric  acid  are  discussed  in  Section 

2. 1.4.1  and  the  reactions  of  NjO^  in  Section 
2.3.4.I. 


2.2.4.2  Inert  Gas  Solubility  in  Liquid  HDA 

Lockheed  (1)  estimated  solubilities  of  helium 
and  nitrogen  in  HDA  by  assuming  HDA  to  be  a 
mixture  of  IRFNA  and  N2O4.  Experimental  data 
of  solubilities  of  helium  and  nitrogen  and  IRFNA 
and  in  N2O4  at  (TC  and  25”C  were  reported  by 
Chang  (7)  and  Lockheed  based  their  calculations 
from  Chang's  work.  Solubility  isotherms  for  O^C 
and  25**C  are  plotted  on  Figures  2.2-9  and  2.2-9a. 
Curves  are  extrapolated  beyond  two  atmospheres 
since  experimental  work  was  not  in  that  range. 
Henry's  Law  is  valid  because  of  low  solubilities. 
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Figure  2.2-9a.  Helium  and  Nitrogen  Gas  Solubilities  in  HUA 
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2.2.5  THERMODYNAMIC 
PROPERTIES  OF  HDA 

2it.5.1  Heat  of  Formation  of  Liquid  HDA 

No  experimental  determination  for  the  heat 
of  formation  of  HDA  is  noted  in  the  current  litera- 
ture. Rocketdyne  (3)  presents  a well  constructed 
case  for  the  estimated  value  in  lieu  of  making  an 
experimental  determination.  It  is  summarized  in 
the  following  paragraphs. 

The  heat  of  formation  of  HDA  (54.8  w/o 
HNO3,  44.0  w/o  N2O4,  0.5  w/o  HjO,  0.7  w/o 
HF)  was  estimated  using  the  heats  of  formation  of 
the  components,  N2O4,  H2O,  and  HF,  and  their 
heats  of  solution  with  each  other.  An  estimate  was 
made  of  the  possible  uncertainty  in  the  calculation. 


using  a conservative  approach  to  arrive  at  the 
greatest  possible  uncertainty.  Where  uncertainties  in 
individual  enthalpies  had  to  be  estimated,  unusual- 
ly large  values  were  chosen.  Absolute  values  of  the 
individual  uncertainities  were  summed  to  calculate 
the  total  uncertainty.  It  should  be  noted  that 
enthalpy  values  associated  with  H^O  and  HF  are 
not  very  critical  since  these  components  are  present 
in  small  quantities. 

The  heat  of  formation  of  HDA  was  found  to 
be  43.3  i-  0.8  Kcal/IOOg,  where  0.8  Kcal/IOOg  is 
the  estimate  of  the  maximum  uncertainty  that 
could  be  expected. 

The  individual  values  used  in  preparing  the 
estimate  are  summarized  in  the  following  table; 


TABLE  2.2-1  ENTHALPY  CONTRIBUTIONS  OF  HDA  COMPONENTS 
AND  THE  HEAT  FORMATION  OF  HDA 


Componant 

Composition 

w/o 

Molacular 

Waight 

Molas/100  g HDA 

Enthalpy  Contribution 
(Kcal/IOOg  HDA) 

Low 

Nominal 

HNO3 

54.8 

63.0129 

0.88966 

•36.14 

•36.06 

•35.97 

N2O4 

44.0 

92.011 

0.47820 

•3.41 

•2,98 

•2.56 

H2O 

0.6 

18.0153 

0.02776 

•1.83 

•1.62 

•1.51 

HF 

07 

20.0064 

0.03499 

-2.68 

-2.59 

•2.61 

HOA  Heat  of  Formation  (Kcal/IOOg) 

-44.06 

•43.25 

•42.64 

S«lacted  Valut  of  HDA  Heat  of  Formation;  -43.3  0.8  Kcal/100  g 

Empirical  Formula  (basis  of  100 g HDA);  Ho  ggoisNi . 82606^4. sagssFo.USagg 


mat 
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The  general  approach  employed  by  Rocket- 
dyne  was  to  start  with  the  best  available  values  for 
heat  of  formation  of  the  pure  components  in  HDA, 
then  to  calculate  or  estimate  from  known  data 
their  heats  of  solution  or  reaction  in  the  HDA  mix- 
ture. The  heats  of  formation  of  pure  compounds, 
used  in  these  calculations,  are  shown  in  the  follow- 
ing table: 


minor.  The  assignment  of  an  uncertainty  of  ±0.5 
Kcal/g-molc  to  the  above  value  seems  exceptionally 
pessimistic  since  it  corresponds  to  an  error  of 
about  6"C  in  temperature  rise.  Combining  the 
above  value  for  the  heat  of  N2O4  in  HNO3,  -1.56 
±0.5  Kcal/g-mole  N2O4,  with  the  heat  of  forma- 
tion of  N2O4,  -4.68  ±0.4  Kcal/g-mole,  leads  to  the 
following  values  for  N2O4 , dissolved  in  HDA: 


TABLE  2.2-2  HEATS  OF  FORMATION  OF  PURE  COMPOUNDS 
AT  STANDARD  CONDITIONS 


Compound 

Htat  of  Formation, 
Liquid  at  25*C 
(Kcal/g-mola) 

Uncartainty 

(Kcal/g-mola) 

Referanca 

HNO3 

-41.46 

+0.09 

8 

N2O4 

•4.68 

±0.4 

8 

Hj 

-68.32 

±0.01  (est.) 

g 

HF 

•71.99 

±0.2 

9 

N2O3 

t-12.02 

±2.0  (est.) 

9 

HNO2 

•27.6 

±2.3  (est.) 

9 

For  convenience  in  making  estimates  of  heats 
of  formation  for  other  mixtures  similar  to  HDA,  a 
special  set  of  heats  of  formation  for  the  HDA  com- 
ponents in  solution  were  derived,  combining  the 
pure  components  heats  of  formation  with  the  heats 
of  solution  and  reaction.  The  heat  of  formation 
that  was  assigned  to  HNO3  is  the  JANNAF  value 
for  the  pure  compound.  With  this  approach,  once 
the  special  set  of  heats  of  formation  has  been 
worked  out,  it  is  easy  to  compute  the  heat  of 
formation  of  another  mixture  (as  long  as  the 
composition  is  similar  to  that  of  HDA).  The 


derivation  of  these  special  heats  of  formation  of 
N2O4,  HgO,  and  HF,  which  include  heats  of 
interaction,  are  discussed  in  the  following  sections. 

N2O4  is  not  known  to  react  with  HNO3;  i.e., 
no  reaction  can  be  written.  A small  heat  of  solu- 
tion, -1.56  Kcal/g-mole  N2O4,  has  been  measured 
(18  and  10).  Calorimetric  equipment  was  not  used; 
however,  large  quantities  (*-100  g)  were  involved 
and  temperature  rises  were  in  the  range  of  14  to 
16®C,  Therefore,  heat  loss  effects  should  have  been 


Low  Nominal 

•7.14  -6.24  -5.34  Kcal/g  mole 

These  values,  converted  to  the  basis  of  100  g HDA, 
were  used  in  Table  2.2-1 . 

Although  HjO  would  exhibit  an  exothermic 
heat  of  solution  In  HNO3,  it  will  react  with  the 
N2O4  in  HDA.  The  reaction  of  H2O  with  excess 
N2O4  has  been  qualitatively  observed  to  be  endo- 
thermic. Two  overall  reactions  are  possible  for 
HjO  with  excess  N2O4 . 

Heat  of  Reaction, 

Kcal/g-mole  Reaction 

HNO2  + HNO3  -I- 5.51  ±3.32  (1) 

N2O3  + 2HNO3  -t-9.9  ±4.0  (ID 

Reaction  II  is  preferred,  since  HNO2  is  rather 
unstable  and  since  NO  is  stablized  in  the  form  of 
N2O3.  Therefore,  9.9  Kcal/g-mole  is  selected  as  the 
nominal  heat  of  solution.  The  high  value  is  13.9 
(9.9  + 4.0)  and  the  low  value  is  2.19  (5.51  • 3.32). 
Combining  these  values  with  the  heat  of  formation 
of  H2O  yields  the  following  values  for  HjO  dis- 
solved in  HDA. 

Low  Nominal 

-66.1  -68.4 


H2O  + N2O4- 
HjO  2 N204' 


Hi^h 

-54.5  Kcal/g-mole 
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The  heat  of  solution  of  HF  in  HNO3  was 
assumed  to  be  between  0 (minimum)  and  that  of 
HF  in  HjO  (maximum).  The  value  of  -71.99  ±0.2 
Kcal/g-mole  was  taken  for  the  heat  of  formation  of 
HF  from  Table  2.2-2  and  heat  of  solution  in  HjO 
was  derived  from  data  in  Reference  9.  Using 
these  data  together  with  the  uncertainty  of  0.2 
Kcal/g-mole  for  the  heat  of  formation  of  HF, 
the  following  values  for  HF  dissolved  in  HNO3  are 
obtained. 

Low  Nominal  High 

•76.7  -/4.0  -71.8  Kcal/g-mole 

The  nominal  value  was  selected  approximately 
midway  between  the  high  and  low  values. 


They  were  used  to  calculate  the  heats  of  for- 
mation of  the  nominal  formulation  in  Table  2.2-1, 
subject  to  the  restriction  that  the  HjO  and  HF 
concentrations  are  small;  i.o.,  a few  percent  or  less. 
Thus  from  the  data  just  developed,  the  heat  of 
formation  of  HDA  at  298“K  (25*C  and  7rF)  is 
given  as  follows: 

A H,  = -30.698  Kcal/mole 
A H,  « -779.4  BTU/lb 

2.2.S.2  Malting  Point  and  Heat  of  Fusion 

Rocketdyne  (3)  reports  a melting  point  of 
■37.2*C  (-35®F)  for  HDA  citing  as  its  source  a 
chemical  safety  bulletin,  Fuming  Nitric  Acids,  by 
Bell  Aerospace  (10). 


The  nominal  values  that  were  derived  for  the 
heats  of  formation  of  N2O4,  HjO,  and  HF  dis- 
solved in  HNO3,  are  summarized  below. 


Compound 

H,,  Kcal/mole 

N2O4 

- 6.24 

HjO 

•58.4 

HF 

•74.0 

Species 

Exp.AH,u,ion  (cal/mole) 

HNO3 

2503 

HjO 

1440 

HNOj-HjO 

4184 

HNOa’SHaO 

6954 

No  experimental  value  for  HDA  heat  of 
fusion  is  available.  The  value  for  latent  heat  of 
fusion  depends  in  part  on  the  crystal  form  of  the 
solid  phase,  and  attempts  to  obtain  general  correla- 
tions have  been  quite  unsuccessful  (6). 

Heat  of  fusion  for  the  hydrates  of  HNO3 
be  estimated  by  summation  of  the  fusion  heats  (9) 
of  the  constituents. 


Eah,u„o„  a [Calc-Exp.]  A% 


3943  -243  -5.7 

6823  -131  -1.9 


On  this  basis,  assuming  HDA  consists  mainly  of 
2HN03-N2  04  (42%  NjO^)  the  heat  of  fusion 
(9)  is: 


Species 

HNO3 

N2O4 

2HN0,‘N,0. 


Exp.  AH 


(uilon 


(cal/mole) 


Zah 


fu«ion 


2503 

3502 


8508 


For  the  nominal  HDA  composition,  the 
estimated  value  is  120.0  cal/gm  (21^  BTU/lb) 
based  on  a molecular  weight  of  70.897. 

2.2.S.3  Critical  State  Constants 

Experimental  values  for  the  critical  constants 
of  HDA  do  not  exist.  It  is  not  possible  to  obtain 
reliable  values  because  of  the  decomposition  of 
nitric  acid  at  elevated  temperatures.  Consequently, 
pseudocritical  properties  are  estimated  for  the 
ftorainal  HDA  composition.  The  technique  and 
procedure  used  in  obtaining  these  values  are  re- 
ported hy  Rocketdyne  (3). 

Pseudocritical  temperature  and  pressure  were 
estimated  by  Kay's  Rule  (11),  and  the  pseudocriti- 
cal compressibility  factor  was  estimated  by  the 
analogous  Leland-Mueller  rule  (12).  Pseudocritical 
volume  was  calculated  from  the  other  constants. 

In  applying  Kay's  Rule  to  HDA,  there  is  un- 
certainty as  to  the  most  appropriate  value  to  use 
for  the  molecular  weight  of  N2Q4  ^2,  or  soma 
intermediate  value).  Thus,  the  rule  was  applied 
using  the  extreme  values.  Pseudocritical  pressure 
and  compressibility  were  surprisingly  insensitive 
to  the  molecular  weight  of  N2O4  ^nd  even  the 
temperatures  were  close  (AT  = 3TK).  Values  are 
sumrnarip'ed  in  Table  2.2-3.  There  is  no  good 
reason  to  select  either  extreme;  therefore,  they 
were  averaged  to  obtain  the  recommended  values 
given  in  Table  2.2-3. 


2.2.5 .4  Heat  Capacity  of  Liquid  HDA 

Experimental  values  of  heat  capacity  (Cp)  for 
HDA  has  not  been  determined.  Lockeed  (1)  has 
estimated  Cp  values  based  on  the  following  obser- 
vations in  the  literature  of  the  physical  and  chemi- 
cal behavior  of  the  constituents  that  make  up 
HDA.  An  examination  of  the  literature  (3,  5,  13, 
14)  indicates  that  while  Cp  for  pure  HNO3  does 
not  vary  appreciably  with  temperature,  there  is  a 
significant  shift  in  Cp  for  N2O4  over  the  same 

temperature  range.  It  is  therefore  reasonable  to 
assume  that  HDA  would  exhibit  a similar  shift  in 
Cp,  and  further,  that  the  shift  would  mimic  the 
N2O4  data  slope  which  has  a very  pronounced 
upward  trend. 


Reference  13  describes  the  mechanism  by 
which  NO2  is  ionized  in  HNO3  to  produce  an 
equilibrium  quatitity  of  the  associated  molecule 
NO3’  (HN03)2  accounting  for  the  increased  dens- 
ity of  the  solution.  Since  heat  capacity,  like 
density,  is  an  additive  property,  it  is  possible  to 
estimate  the  Cp  values  for  HDA  as  a function  of 
temperature,  if  a correction  is  made  for  the 
abnormal  density  change.  Taking  the  summed  con- 
tribution of  heat  capacities  for  the  respective  mole 
fractions  of  the  solution  ingredients  and  multiply- 
ing the  vaiuf)  by  the  ratio  of  actual  HDA  density 
to  the  computed  additive  densities  for  the  ingre- 
dients, provides  an  estimate  of  what  the  Cp  value 
for  HDA  might  reasonably  be. 


TABLE  2.2-3  PSEUDOCRITICAL  CONSTANTS  OF  HDA 


Constant 

Assumption 

Recommended 

Values 

N2O4  prasant  as  NO2 
(MW  - 46.005) 

N2O4  prasant  as  N2O4 
(MW -92.001) 

Pp,  atm 

97.4 

97.1 

97.2  (1428  psia) 

Tc'K 

524 

5BB 

540  (972°R) 

2c 

0.23B 

0.23B 

023B 

Vc,  (cc/q) 

1.4216 

1 .6036 

1.4625  (.0234  ft/lb) 

/*  c,  fl/cc 

0.703B 

0.6661 

0.6837  (42.68  Ib/ft3) 
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The  estimated  values  of  heat  capacity  for 
liquid  HDA  are  given  in  Table  2.2-4. 


TABLE  2.2-4  ESTIMATED  Cp  VALUED  OF  LIQUID  HDA 


Temperature 

Heat  Capacity,  Cp 

°R 

“F 

BTU/lbm-°F  or  cal/g-°K 

459.67 

0 

255.3V 

0.4263 

469.67 

10 

260.93 

0.4313 

479.67 

20 

266.48 

0.4323 

491.67 

32 

273.15 

0.4360 

499.67 

40 

277.59 

0.4380 

509.67 

50 

283.15 

0.4398 

519.67 

60 

288.71 

0.4415 

536.67 

77 

298.15 

0.4435 

549.67 

90 

305.37 

0.4446 

559.67 

100 

310.93 

0.4455 

579.67 

120 

322.04 

0.4486 

599.67 

140 

333.15 

0.4516 

619.67 

160 

344.26 

0.4576 

Using  a least-squares  curve-fit  computer  pro- 
gram, the  estimated  values  of  Cp  for  liquid  HDA  as 
a function  of  temperature  may  be  expressed  as: 

Cp  /Cal/g-"K)  = -1.764 -i-  0.02146  (T/K) 

• 7.010  X 10-6  (T,*K)2 
+ 7.704  X 10-8  (T,”K)3 

(2.2-15) 

Cp  (BTU/lb-“R)  = -1.764 -I- 1.192x10-2  (T/R) 
- 2.163  X 10-8  (T,‘’R)2 
+ 1.321  X 10-8  (T,®R)3 

(2.2-1 6a) 

The  standard  deviation  computed  for  equations 
2.2-15  and  2.2-1 5a  are  5.624  x lO-^*  cal/g-*K  and 
5.617  X 10'^  BTU/lb'’R  respectively.  The  estimated 
values  for  Cp  of  liquid  HDA  are  graphically  shown 
in  Figures  2.2-10  and  2.2-1  Oa. 


Figure  2.2  10a.  Heat  Capacity  of  Liquid  HDA  versus  Temperature 


2.2.S.5  Latent  Heat  of  Vaporization  of  HDA 

An  equation  for  the  latent  heat  of  vaporiza- 
tion of  HDA  was  derived  from  the  vapor  pressure 
equation,  using  the  Clapeyron  equation  (3): 

d /n(PJ_  AH, 

d /n(l)  ’ ■ R(Z,-Zy  ) 

(2.2-16) 

The  term,  Zy(the  compressibility  factor  of  the 
liquid)  may  be  neglected  since  it  is  very  small, 
about  0.004.  The  value  for  Z,  (the  compressibility 
factor  of  the  vapor)  was  obtained  by  assuming  the 
vapor  tc  be  entirely  NO2.  A value  of  0.9888  for 
Z,  was  obtained  from  the  generalized  tables  of 
Lydersen,  Greenhorn  and  Hougen  (15).  Combining 
these  components  generated  the  following  equa- 
tions for  the  heat  of  vaporization  of  HDA: 

AH,  /Kcal/gmoleV  21.251- 0.12882  N 

(w/o) 

/ 2557.2 
*(T,»K) 

(2.2-17) 

AH,  ZeTU/lh  mole\  “ 3Q<252  - 231.88N(„/^,, 
vapor  ) 8,285,300. 

(T,»R) 

(2.2-1 7a) 

which  are  valid  for  43.2  to  45.6  w/o  N2O4  and 
256  to  397*K  (461  to714'R). 

These  equations  were  evaluated  for  the  nomi- 
nal composition  (54.8  w/o  HNO3,  44.0  w/o  N2O4, 
0.5  w/o  HjO,  0.7  w/o  HF)  at  the  normal  boiling 
point,  24.7°C  (76.5”F),  to  give  the  following  values: 
7.00  Kcal/g-mole  vapor  or  12,600  BTU/lb  mole 
vapor. 

In  order  to  put  the  heat  of  vaporization  on  a 
weight  basis  it  is  necessary  to  know  the  molecular 
weight  and  thus  the  composition  of  the  vapor 
phase.  This  has  not  been  determined  for  HDA. 
Attempts  to  estimate  the  composition,  assuming 
ideal  behavior,  produced  a poor  estimate  of  the 


total  pressure  at  the  boiling  point,  0.47  atm.  There- 
fore, this  assumption  was  discarded.  Subsequently, 
molecular  weight  was  estimated  by  two  methods 
which  represent  extreme  assumptions:  (1)  the 
vapor  is  pure  NO2,  therefore  MW  = 46.005  (mini- 
mum); and  (2)  the  partial  pressure  of  HNO3  is 
equal  to  the  vapor  pressure  of  pure  nitric  acid, 
therefore  MW  = 47.43  (maximum).  Fortunately, 
the  range  of  values  is  small.  Using  these  values,  the 
following  range  is  obtained  for  heat  vaporization 
of  HDA  on  a weight  basis:  148  to  152  cal/g  (266 
to  274  BTU/lb), 

2.2.6  .OGISTICS  OF  NITRIC  ACID, 

TYPE  IV  (HDA) 

2.2.6. 1 Manufacture 

The  oxidizer,  HDA,  is  a blend  of  nitric  acid 
(Type  MILS)  and  nitrogen  tetroxide  (MON-1).  The 
blend  is  defined  in  MIL-P-7254F  (30  April  1970), 
Amendment  2,  (18  January  1972).  The  details  of 
the  process  for  manufacturing  nitric  acid  is  des- 
cribed in  Section  2. 1.6.1  and  for  nitrogen  tetrox- 
ide is  described  in  Section  2.3.6. 1, 

2.2.B.2  Analysis 

The  analysis  of  HDA  is  covered  in  Section 

2. 1.6. 2 on  nitric  acid.  The  same  techniques  are 
used  for  this  oxidizer. 

2.2.6.S  Cost  and  Availability 

HDA  is  readily  available  in  large  quantities  for 
aerospace  usage The  only  known  usage  is  the 
Agena  vehicle.  Ihe  oxidizer  is  supplied  to  the 
government  by  Allied  Chemical  Company  of  ^ 
Buffalo,  New  York.  The  unit  price  in  1976  was 
$0.22/pound  from  the  government.  The  govern- 
ment procured  30,(X)0  pounds  in  1976  (20). 

22.6.4.  Shipping  and  Transportation 

The  requirements  for  shipping  and  transpor- 
tation of  HDA  are  basically  the  same  as  those  for 
the  nitric  acids.  See  Section  2. 1.6.4.  HDA,  per 
Reference  16,  has  been  assigned  Federal  ^tock 
Number  91354334963  and  is  commerdallx  avail- 
able from  Industrial  Chemicals.  \ 
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2.3.1 


2.3.2  GENERAL 
2.3.2. 1 Introduction 

Nitrogen  tetroxide  (also  known  as  dinitrogen 
tetroxide,  NTO,  and  nitrogen  peroxide)  is  a volatile, 
heavy,  reddish-brown  liquid  which  boils  at  7rp 
and  melts  at  12‘’F.  It  is  highly  regarded  as  a propel- 
lant oxidizer  because  it  is  highly  reactive  chemi- 
cally, thermally  stable  and  insensitive  to  all  types 
of  mechanical  shock  and  impact.  Although  non- 
flammable, it  will  support  combustion  and  upon 
contact  with  high  energy  fuels  such  as  hydrazine, 
will  react  hypergolically. 

At  ordinary  temperatures  N2O4  exists  in 
equilibrium  with  nitrogen  dioxide  (NOj), 
N204;s^2N02,  with  the  degree  of  dissociation 
varying  directly  with  the  temperature  and  inversely 
with  the  pressure.  At  atmospheric  pressure,  the 
equilibrium  mixture  contains  approximately  15 
percent  NO2  at  its  boiling  point  (70.rF),  increas- 
ing to  about  90  percent  at  212*F  (100“C)  and 
dissociation  ■ is  practically  complete  at  302“F 
(15Crc). 


In  the  solid  state,  N2O4  is  colorless;  in  the 
liquid  state  the  equilibrium  is  yellow  to  red-brown, 
varying  with  temperature  and  pressure;  in  the 
gaseous  state  it  is  red-brown.  The  addition  of  0.45 
to  0.85  percent  nitric  oxide  (NO)  gives  a ''green" 
N2O4  mixture.  The  low  percentage  addition  of  NO 
is  specified  to  minimize  stress-corrosion  cracking  of 
\ titanium,  tanks  (12). 

\ 


The  specific  impulses  of  N2O4  with  amine- 
type  fuels  such  as  Unsymmetrical  Dimethylhydra- 
zine  (UDMH),  hydrazine  (N2H4),  and  aniline  are 
five  percent  higher  than  that  of  red  fuming  nitric 
acid  (RFNA).  RFNA  has  a lower  freezing-point 
and  a higher  density  than  N2O4,  but  in  many  pro- 
pulsion systems,  especially  those  not  subjected  to 
temperature  extremes,  the  oxidizer  of  higher  per- 
formance is  preferred  when  it  provides  greater  mis- 
sion capability  than  the  more  dense  oxidizer. 

Nitrogen  tetroxide  when  mixed  with  nitric 
oxide  forms  MON-type  acids.  The  performance  of 
MON-type  acids  is  slightly  higher  with  amine-type 
fuels  than  that  of  N2O4.  MON-type  acids  have 
lower  freezing  points.  See  Figures  2.3-1  and  2.3-1a 
for  the  relationship  of  freezing  point  versus  weight 
percent  of  NO.  MON's  density  is  lower  than  the 
density  of  N2O4  and  MON's  higher  vapor  pressure 
requires  the  use  of  larger  and  heavier  pumps. 

MON-type  acids,  Mon-1  and  MON-3,  are  cur- 
rently being  specified  for  rocket  oxidizers  because 
the  addition  of  NO  acts  as  an  inhibitor  against 
stress  corrosion.  A^ON-1  is  specified  where  stress 
corrosion  ot  propellant  tanks  is  anticipated.  MON-3 
is  specified  for  Space  Shuttle;  to  assure  that  the 
NO  content  of  the  oxidizer  will  remain  above  0.5 
percent  NO  after  handling  and  storage  of  the 
oxidizer  and  ventings  of  the  oxidizer  tanks.  The 
slight  addition  of  NO  does  not  change  the  thermo- 
physical properties  of  N2O4  significantly.  There- 
fore, the  listed  properties  for  N2O4  are  applicable 
for  MON-1  and  MON-3. 
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2.3.2.2  Structure  of  N2O4 

The  structure  of  the  molecule-,  contro- 
versial for  a long  time,  has  been  established  by  elec- 
tron diffraction  data  to  have  in  the  gaseous  state  a 
copianar  structure,  and  N-N  bond  distance  of 
‘l.75°A,  and  N-0  bond  distance  of  1.180'’A,  and  an 
O-N-0  angle  of  133.7®  (13).  The  pictorial  form  of 
the  molecular  structure  is  shown  at  the  end  of  this 
paragraph.  Solid  N2O4  is  similar  by  x-ray  diffrac- 
tion measurements  at  -40“C  with  slightly  different 
distances  and  angles  (14).  Infrared  spectra  of  the 
gas  (23®C),  liquid  (10®C),  and  solid  (-180“C)  show 
no  evidence  for  a different  structure  in  the  liquid 
state  (15). 


0 


N+ 


-O 


planar  form 


2.3.2.S  Specification 

The  chemical  requirements  for  procuring 
N2O4  and  MON-1  are  documented  in  Specification 
MIL-P-26539C,  dated  30  March  1970.  MON-3 
requirements  are  described  in  the  amendment  2, 
dated  5 April  1976,  to  Ml  L-P-26539C.  Bell  Aero- 
space lists  their  procurement  requirements  for 
"Minuteman  Grade  N2O4"  in  their  specification 
8477-947041.  Ml  L-P-27408A,  dated  15  October 
1971,  lists  the  requirements  for  MON-10  and 
MON-25. 


Table  2.3-1  is  a compilation  of  the  chemical 
composition  and  physical  properties  of  the  N2O4 
•MON  series. 


TABLE  2.3-1  CHEMICAL  COMPOSITION  AND  PHYSICAL  PROPERTIES 


Limits 

Composition 

NTO 

(Red-Brown) 

MINUTEMAN 

Grade 

MON-1 

(Green) 

MON-3 

(Green) 

MON-10 

MON-25 

Nitrogen  tetroxiue  assy 
(N2O4)  percent  by 
weight 

99.5 

88.8  min 

73.8  rnin 

Nitric  oxide  (NO)  content-max 

1/ 

0.51 

1.0 

3.0 

11.0 

26.0 

percent  by  weight-min 

0.11 

0.6 

1.5 

10.0 

25.0 

N2O4  -♦■  NO-percent  by 
weight-minimum 

99.5 

99.5 

99.5 

Water  equivalent- percent 
by  weight -max 

0.17 

0.10 

0.17 

0.17 

0.17 

0.17 

Chloride  content -percent 
by  weight -max 

0,040 

S ppm 

0.043 

0.040 

0.0402/ 

0.040  2/ 

Iron  (Fe) 

5 ppm 

Particulate-mg/liter 

10 

10 

10 

10 

10 

10 

1/  The  NO  content  shall  be  limited  to  that  which  does  not  change  the  specified  Red-Brown  color  of  the  propellant. 
2/  This  test  need  not  be  performed  on  propellant  manufactured  by  the  ammonia-oxidation  process. 


2.3.3  PHYSICAL  PROPERTIES 


( 


2.3.3. 1 Vapor  Pressure  and  Normal  Soiling  Point 
Several  equations  have  been  determined  to 
calculate  the  vapor  pressure  of  liquid  N2O4  (NTO). 
Hercules  (6)  used  values  calculated  from  the 
Antoine  constants  and  the  Antoine  equation, 
namely 

log,oP“  A-B/(C  + t)  (2.3-1) 

where: 

A,B,C  = Antoine  constants 
t = temperature,  “C 
P = vapor  pressure,  mm  Hg 

Allied  Chemical  (10)  lists  a different  equation  for 
the  vapor  pressure  of  liquid  N2O4  between  -1 1.3®C 
and21.7°C: 

l__  r.  -1753.000  . nn.l'lr* 

•ogiQp  = • 9-00436 

- 11.8078  X 10  -»  (T,“K) 

+ 2.09&4X  10  6 (T,«K)2 

(2.3-2) 


Rocketdyne  took  the  experimental  data  as  listed 
by  Hercules  and  Allied  Chemical  and  curve-fitted 
the  data  (9).  Rocketdyne's  equations  are: 

2331.98 


(T,“K) 


log  P (mmHg)  = 9.82372  - 

84567 

(T,“K)2 

Temperature  range:  -11.2  to  158.ZC 


(2.3-3) 


log  P (psia)  = 8.1 1012  • 


4197.56 

(T,"R) 


273994 

(T,‘R)2 


(2.3-3a) 


Temperature  range:  1 1.8  to  316.8“F 

Calculated  values  of  Hercules,  Allied  Chemical,  and 
Rocketdyne  are  plotted  in  Figures  2.3-2  and 
2. 3- 2a.  The  equations  of  Rocketdyne  are  con- 
sidered adequate  to  determine  vapor  pressure 
values  of  liquid  N2O4  (NTO,  MON-1,  MON-3).  A 
normal  boiling  point  value  of  21.2°C  (70.1°F)  is 
reported  by  Hercules  (6)  and  Allied  Chemical  (10). 
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Figure  2.S-2a.  Vapor  Pr<^ure  versus  Temp«rature,  Liquid  Nitrogen  Tetroxide 
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RockeiJyne  (7)  also  expressed  in  equation 
form  the  vapor  pressure  values  for  the  MON-1 0, 
MON-25,  and  MON-30  mi  ires.  The  expressions 
are  based  on  aveilaple  data;  Rocketdyne  reports 
that  additional  characterization  (or  confirmation) 
of  the  N2O4-NO  system  is  recommended.  The 
curve-fit  equations  for  the  data  in  the  tempera- 
ture range  of  freezing  point  to  132“C  (27(TF)  are: 

MON- 10:  log  P (atm)  = 5,4899  ■ 


56862 

■(T,*K)2 

log  P (psia) 


(2.3-4) 


6.6571  - 


2434.3 
(T,  “R) 


1.836  X 106 
(t/R)^ 


l2.34a) 


MON-25;  log  P (atm)  = 5.4899  - 


1236.0 
(t,  YO 


56^ 

■ (T,  Y.j2 

log  P (psia)  = 6.6571 


1.836  X 106 

■~lT/R)i  ■ 


(2.3-5) 

2224,7 
(T,  "R)' 

(2.3-5a) 


MON-30;  log  P (atm)  = 5.4899  - 

U , K) 


56662 
(T,  Y)2 


(2.3-6) 


log  P (psia)  = 6.6571  - 


1.836  X 105 
(T,“R)2 


(2.3-6a) 


Figures  2.3-3  arv!  2. 3-3a  graphically  show  the  vapor 
pressure  as  a iu.iction  of  temperature.  The  normal 
boiling  points  of  the  three  MON  mixtures  as 
obtained  from  the  vapor  pressure  equations  by 
Rocketdyne  are  as  follows: 

MON- 10  9TC  (49.4Y) 

MON -25  -9.0“C  (15.9“F) 

MON-30  -16. rC  (3.(TF) 

Figure  2..'3-4  shows  the  vapor  pressure  value  of 
MON  solutions  as  a function  of  the  weight  percent 
of  NO  in  MON  at  25“C  (298. 15Y). 
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Figure  2.3-4.  Vapor  Pressure  of  the  Mixed  Oxides  of  Nitrogen 
at  536.67“  R (298.1 5“  K)  versus  Weight  Percent 
of  Nitric  Oxide 
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Pressure  (atm) 


iii'  ' 


2.3.3.2  Density  of  N2O4,  MOIM 

Density  values  were  taken  from  {he  Nitrogen 
Tetroxide  Product  Bulletin  of  the  Aided  Cheinical 
Corporation  (tO)  and  Aerojet's  tabulation  of  dens- 
ity values  in  their  report,  "Storable  Liquid  Propel- 
lants Nitrogen  Tetroxide/ Aerozine  50"  (1).  A 
curve  fitted  correlation  was  obtained  as  follows: 

/»(5/cc)  = 2.066  1.979  x 10  3 (T,  “K) 

-4.826  X 10  7 (T,"K)2 

(2.3  7) 

/»(ib/ft3)  - 129.850  7.175  x 10  2 (T,"R)  ' 

- 6.3276  X 10  6 (r,“R)3 

(2.3  7a) 

Figures  2.3  5 and  2.3-5a  show  the  density  values 
of  N2O4  as  a function  of  temperature.  These 
figures  may  also  be  used  for  MON-1  and  MON-2. 

Rocketdyne  (7)  evaluated  available  N2O4- 
NO  systeni  data  for  density  and  recommended  the 
following  curve-fit  expressions  for  MON  mixtures 
(this  report  converts  to  °K  and  *R); 

MON-10 

(g/cc)  “ 1.8525  + 1.280  X 10  ’ (T/K) 

•6.26  X 10  6 (T."K)2  (2.3-8) 


(■,b/ft3)  = 98.73 + 4 47  X 10  2 (T,  ^R) 

1.21  X 10MT,“R)2  (2.3-8a) 

MON-25 

(g./cc)  = 1.6679  + 4.622  X 10 (T,  “K) 

4.80  X 10-6  (T,“K)2  (2.3-9) 

,!b/ft3)  = 104.21  + 1.56  X 10  2 (T,»R) 

9.2  X 10  6 (T,“R)2  (2.3-9J) 

MON-30 

(g/cc)  = 1.6688  + 2.846  x 10  (T,  "K) 

-4.31  X 10-6  (T/k;2  (2.3-10) 

(Ib/ft3)  = 104.10  + 0.01  (T.-R) 

■8.3x  10  6 (T,“R)2  (2.3-10a) 

Figures  2.3-6  and  2.3-6a  show  the  density 

values  of  MON  solutions  as  a function  of  tempera- 
ture. 

Figure  2.3-7  is  also  presented  for  estimating 
density  values  of  MON  solutions  at  25°C  (298,15) 
as  a function  of  the  weight  percent  of  NO  in  the 
solution. 
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Figure  2.3-6.  Density  versus  Temperature,  Liquid  Nitrogen  Tetroxide 
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MON-IO:  p (g/cc)  “ 1,5825  + 1.280  x 10  ’ (T,  "K)  - 6.26  x 10  '’  (T,  °K)’  (2.3-8 

MON-25:  p (g/cc)  = 1.6679  + 4.622  x lO"*  (T,  “K)  - 4.80  x 10  (T,  “K)’  (2.3-9 

MON-30:  p (g/cc)  - 1.6688  + 2,846  x lO""  (T,  “K)  - 4.31  x lO''’  (T,  °K)’  (2.3-1 
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Figure  2.3-6.  Density  of  the  Mixed  Oxides  of  Nitrogen  Vv^jrsus  Temperature  (“K) 
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Figure  2.3-6a.  Density  of  the  Mixed  Oxides  of  Nitrogen  versus  Temperature 
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2.3.3.3  Sonic  Velocity  of  N2O4 

Constantine  of  Rocketdyne  reported  their 
experimental  measurements  (9)  for  sonic  velocities 
in  the  saturated  liquid  system,  N2O4-NO2.  The 
experimental  data  is  not  actually  presented,  but 
smoothed -value  curves  are  presented  in  which  the 
sonic  velocity  is  determined  as  a linear  function  of 
temperature  by; 

c(m/sec)  =2296  - 4.425  (T,“K)  (2.3-11) 

c{ft/sec)  = 3825  - 8.065  (t,  “F)  (2.3-12) 


The  temperature  range  in  which  the  velocity  of 
sound  was  measured  was  from  -5“C  to  56°C  (23°F 
to  133°F).  The  condition  was  from  near  freezing 
(f.p.  is  -11.2“C)  to  above  the  normal  boiling  point 
(nbp,  21.2“C).  Constantine's  effort  was  reported 
in  1968.  Equation  2.3-12  expressed  in  terms  of 
"R  is: 

c(n/sec)  = 7532  ■ 8.065  (T,  -R)  (2.3-1  la) 

The  values  of  the  curve-fitted  equation  for  sonic 
velocity  in  saturated  N2O4-NO2  are  plotted  in 
Figures  2.3-8  and  2.3-8a. 
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Figure  2.3-8.  Sonic  Velocity  versus  Temperature,  Saturated  N,0,  - NOj 
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2. 3.3.4  Compi’essibility  of  Liquid 

The  adiabatic  compressibility  {jSal  can  be 
determined  using  sonic  velocity  data  and  the  acous- 
tical equation: 

(2.3-13) 

* pc^ 

where 

P ~ density 
c = sonic  velocity 

The  ccmpressibiJities  were  computed  using  the 
empirical  values  of  Rocketdyne's  correlation  of 
sonic  velocity  in  N2O4 . The  sonic  velocity  in  liquid 
N2O4  has  been  measured  by  Constantine  of 
Rocketdyne  (9).  The  results  are  discussed  in  Sec- 
tion 2.3.3.3.  The  density  for  the  comparable 
temperature  was  obtained  from  equations  2.3-7 
and  2.3-7a.  The  calculated  compressibility  data  is 
shown  in  Figures  2.3-9  and  2.3-9a.  Also  plotteo  are 
some  of  Rocketdyne's  compressibility  values  as 
determined  by  Constantine  (9). 

Using  the  least-square  curve  fit  compiter  pro- 
gram, the  change  in  compressioility  with  tempera- 
ture is  described  by; 

a,(atm-i)  '4.021  x 10-* 

• 3.029  X lO-ti  (T.-K: 

+ 6.473  X 1C  ^*  (T,“K)2 

(2.3-14) 


equations  2.3-14  and  2.3- )4a  respectively  are 
4.786  X 10  ^ atm- ' and  3.442  x 10  2 psi-' . 

The  isothermal  compressibility  of  MOj  was 
calculated  from  the  relationship: 

^ (2.3-15) 

where 

P~  density  of  NOj,  condition  1 (5000  psi), 
2 (500  psi) 

P ■=  pressure  for  density  reading,  condition 
1 (5000  psi),  2 (500  psi) 

Values  of  specific  vo!urr;e  compiled  by  Hercules  in 
Table  XVI!  of  their  publication  (6)  were  used.  The 
calculated  isothermal  compressibility  values  are 
shown  in  Table  2.3-2  and  Figures  2.3-10  and 
2.3- 10a. 

The  values  as  a function  of  temperature  are 
exoressed  in  th?  following  curve-fit  equations; 

^>i(atm  ' 1.285  X 10-2 

• 1.650  X 10“*  n,'K) 

+ 8.022  X 10-2  (T,‘K)2 

• 1.743  X 10-9  (T,*K)3 
+ 1.433  X 10  ’2 

(2.3-16) 

5|(psi  M = 8.3269  X 10 -» 


4<Jpsi-’)  = 2.748  X 10  6 

- 1.147  .V  10-7  /T,»R) 

+ 1.358  X lO  ’O  (T,''R)2 

(2.3-1 4a) 

The  temperature  range  Is  268.15’K  to  339.1 
(482.67  to  592.67'’R).  The  standard  deviation  of 
the  empirical  values  compared  to  the  curve-fit 


• 6.1682  X 10-6  (T,"R) 

■t  1.6684  X 10-8  (T,°R)2 
- 2.0166  X 10-11  (T,“R)3 
-t- 9.227  X 10-16  (T.^R)* 

(2.3-16a) 

The  standard  deviation  for  equations  2.3-16  and 
2 3-16a  are  7.09  x lO-e  (atm  1 ) and  4.831  x 10'7 
(psi-M. 


TABLE  2.3-2  CALCULATEl'  ISOTHERMAL  COMPRESSIBILITY  OF  NO2 


T«mp 

P\ 

P2 

AP 

'’I 

Pg 

AP 

•R 

*K 

M*2 

g/cc 

Ib/ft3 

g/cc 

!b/ft3 

g/cc 

pti 

atm 

psi 

atm 

P«i 

atm 

pii-l  X 106 

atm-1  X 10< 

529.67 

92.8505 

90.2201 

2.6304 

5000 

500 

4500 

0.630 

0.92G 

294.26 

1.4873 

. 

1 .4452 

0.0421 

340.23 

34.02 

306.21 

559.67 

91.2992 

87.8966 

3,4026 

6000 

500 

6600 

0.678 

0.996 

310.93 

1 .4625 

1 .9080 

0.0595 

408.28 

34.02 

374.25 

689.67 

89.2379 

85.3461 

3.8918 

6000 

5500 

0.993 

1.165 

327.59 

1.4295 

1.2671 

0.0624 

408.28 

34.02 

374.25 

619.67 

87.0474 

82.8981 

4.1492 

6000 

1000 

6000 

0.953 

1.401 

344.26 

1 .3944 

1.3279 

0.0665 

408.28 

'68.05 

340.23 

649.67 

84.7314 

79.6686 

5.0628 

€000 

1000 

5000 

1.195 

1.766 

360.92 

1 J573 

1.2762 

0.0811 

4C.8.28 

68.05 

340,23 

679.67 

82.2166 

75.8438 

6.3728 

6000 

1000 

6000 

1.550 

2.278 

377.59 

1.3169 

1.2149 

0.1020 

408.28 

68.05 

340.23 

709.67 

79.2466 

71.0934 

8.1621 

6000 

1000 

5000 

2.057 

3.023 

394.26 

1 .269^ 

1.1388 

0.1306 

408.28 

68.05 

340.23 

739.67 

75.8668 

64.2674 

11.6994 

6000 

1000 

5000 

3.058 

4.494 

410.93 

1.'il63 

1.0295 

0.1853 

408.28 

68.05 

340.23 

679.67 
427  69 

71.9528 

1.1 62S 

69.7193 

0956r 

12.2334 

0.1960 

6000 

408.28 

2000 

136.09 

4000 

272"l8 

4.251 

6.247 

2.3-26 


Isothermal  Compressibility  ^ atm 


Fi({Ufe  2.3-10.  Uolherme!  Compres»ibili''y  of  Nitrogen  Dioxide 

f i 


2.3  :7 


2.3.3.£i  Viscosity  of  Liquid  N2O4 

Hercules  (6)  tabulated  vfiscosity  data  of  nitro- 
gen dioxide  in  the  liquid  phase  citing  the  work  of 
Richter.,  Reamer,  and  Sage  116)  as  their  source. 
Using  the  least-squares  cur/e  fit  computer  pro- 
gram, the  change  of  viscosity  at  the  bubble  point 
with  temperature  is  described  by: 

p(cp)  * 7.533  - 6.167  X 10'2  (T,*K) 

2.055  X 10  (T,“K)2 
■ 3.234  X 10  ’ (T,“K)^ 

+ 1.966  X 10 ’0 

(2.3  17) 


u(lb,^/ft-sec)  = 5.064  x lO'^ 

■ 2.303  k 10-6  (T,“R) 

•r  4.263  X 10-8  (T/R)2 
- 3.726  X 10  ' ’ (T,‘’R)3 

+ 1.258  X 10  '“  (T,  'R)“ 

(2.3-1 7a) 

Viscosity  values  are  plotted  in  Figures  2.3-11  and 
2.3-1  la.  The  temperature  range  was  from  277.59 
to  410.93*K  (499.67  to  739.67*R).  The  standard 
deviation  of  equations  2.3-17  and  2.3-1 7a  are 
0.00063  cp  and  4.207  x 10  ’ Ibm/ft-sec)  respec- 
tively. 


{ - 
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sity  (centipoise) 


Figure  2.S41U.  Viacoaty  oi  Nitrogen  Dioxide  at  the  Bubble 
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2.3.S.6  Surfaca  Tension  and  Paracho:  of  Liquid 
N3O4 

Rocketdyne  (7)  measured  the  surfacj  tension 
of  liquid  N2O4  over  the  temperature  rarigi  from 
-9.3  to  9Q.TC  (15.3  to  195.2“P).  The  surface  ten- 
sion was  calculated  and  curve  fit  with  a least  square 
computer  program.  Liquid  and  vapor  densities 
used  in  the  reduction  tfie  experimental  data 
were  obtained  from  their  earlier  (9)  evaluation  and 
correlation  of  available  literature  values.  T.he  result- 
ing data  are  represented  by  the  following  equations. 

yidynes/cm)  = 30.07  - 0,207  (t,  *CJ 
+ 3.0X  10'*  it. ‘O’ 

(2.3-18) 

y(lb,/ft)  ^ 2.319  X tO-3 

•8.29  .x  (t,‘F) 

+ 6.^1  X 10  9 (t/F)2 

(2.3  18a) 

The  standard  errors  of  estimate  for  these  equa- 
tions are  Q.3C  dynrVcm  and  2.0  x lO  ® lb, /ft, 
respectively.  Grapliical  presentation  of  these 
correlations  is  pre.enied  in  Figures  2.3-12  and 
£.3-1 2a. 


The  equations  expressed  in  temperatures  of 
"K.  and  ‘R  are: 

r(dynes/cm)  - 109.00  ■ 0.379  (T,  "K) 

+ 3.0  X 10“  (T,*K)2 

(2.3-19) 


r<!b,/ft)  = 7.482  X 10-3 

1,4174  X 10  6 (T,“R) 

+ 6.4x  10-9  (T,  ‘R)2 

(2.3-19a) 


Th6  parachor  at  25*C  was  found  to  be  1 44.0 
from  the  relation: 

^ -/\- 

where 

P * parachor 

M * molecular  weight  (92.016) 

T » surface  tension  125.1  dyne/cm) 

^ “ density  of  liquid  (1.433  g/cm3j 
4 “ density  of  vapor  (3.182  x 10  3 g/cm3) 


Tem{)eraUue  ("R) 


Figu/e  2.3'12a.  Surface  Tension  of  Saturated  Nitrogen  Tctroxide 


2.J.3.7  Thermal  Conductivity  of  Liquid  NOj 

Hercfjles  (6)  tabulated  thermal  conductivity 
values  of  NOj  in  the  liquid  phase  citing  the  work  cf 
Richter  and  Sage  (IV}.  Three  temperature  values 
for  thermal  conductivity  at  the  bubble  point  were 
listed.  A second-order  curve-fit  for  the  listed  vaiues 
at  40,  100,  and  160^F  wa.s  rietermined  for  this  sec- 
tion. The  correlations  are: 

K (cal/cm-sec°K)  “ 3.294  x 10 

+6.566  X 10  ° (T,’K) 

- 1.J44  X lo  a (T/k)2 

(2.3-20) 


K (BTU/sec-ft-"R)  --  -2.143  x 10-s 

+ 2.052  X 10-7  (T,”R) 

2.347  X 10-10  (T,“R!^ 
(2.3  20a) 

The  curves  are  plotted  in  Figures  2.3-13  and 
2.313a, 


Thermal  Conductivity  (cal/cm-sec-°K)  x 10 


Figure  2.3-13.  Thermal  Conductivity  of  Nitrogen  Dioxide 
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Thermal 


2.S.3.8  Dielectric  Constant 

Hercules  (6)  lists  a single  point  value  of  2.42 
for  the  dielectric  constant  of  liquid  at  18°C 
and  1000  cycle/sec.  Its  literature  source  is  the 
work  of  Addison,  Bolton  and  Lewis  (18).  Rocket- 
dyne  (7)  performed  an  extensive  literature  survey 
for  all  available  data  on  the  dielectric  constant  and 


electrical  loss  tangent  for  NjO.,  in  the  temperature 
range  of  32  to  140“F  and  a frequency  '■ange  of  1 to 
10  Ghz.  Their  survey  indicated  not)e  of  this  data 
existed  for  the  propellant,  although  there  was  some 
dielectric  constant  data  outside  the  desired  fra^ 
quency  range. 
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2.3.4  CHEMICAL  PROPERTIES  01*  IM-JO4 

2.3.4.1  Cliemical  Reactions 

Nitrogen  tetroxide  is  a powerful  oxidij’ttr.  It 
readily  undergoes  reactions  with  a variety  of  both 
organic  and  inorganic  compounds,  Hercules  (6) 
gives  a summarized  review  of  the  chemical  reactions 
of  nitrogen  tetroxide  with  the  various  substances. 
Some  of  the  typical  reactions  are  as  follo\A/s; 

Water 

Nitrogen  tetroxide  reacts  with  water  in  large 
excess  as  fellows: 

N2O4  + HjO ^ HNO3  ■!*  HNO2 

The  nitrous  acid  undergoes  decomposition: 

3 HNOj ► HNO3  + 2 NO  -I  H2O 

Over-all,  two-ihirds  of  the  N2O4  goes  to  form 
nitric  acid;  the  other  third  may  be  oxidized  with 
air  or  oxygen  to  re  form  NO^  or  N2O4, 

Metals 

A general  reaction  can  be  written  for  all  metals 
that  react  with  N2O4  at  low  temperatures. 

M + N2O4 ► MNOj  + N0 

if  the  temperature  is  maintained  low  and  the  metal 
is  sufficiently  electropositive,  the  reaction  will  end 
here.  With  weakly  electropositive  aretals,  such  as 
zinc,  the  reaction  may  continue  with  the  formation 
of  a complex  salt.  At  higher  temperatures,  or  under 
conditions  of  reduced  pressure,  where  the  N2O4 
has  dissociated  into  NOj,  the  products  of  reaction 
with  metals  are  somewhat  different  from  those  in 
the  liquid  systems.  The  products  here  may  be  a 
mixture  of  nitrite  and  nitrate. 

Ammonia,  Hydrazine,  and  Ammes 

Ammonia  reacts  readily  and  violently  with 
solid  N2O4  and,  if  tf;e  temperature  is  not  carefully 
controlled,  decomposition  is  complete.  Controlled 
reaction  produces  water,  nitric  oxide,  nitrous 
oxide,  nitrogen,  ammonium  nitrite,  and  ammo- 
nium nitrate.  In  the  gas  phase,  between  the  temp- 
eratures 22*  and  100*C,  the  reaction  is: 

2NO2  + 2NH3— + H2O  + NH4NO3 

Hydrazine  and  N2O4  react  readily  and  violently 
with  complete  decomposition.  The  reaction  is 
hypergolic  (spontaneous  combustible  upon  mixing). 


Reaction  of  various  amines  with  N2O4  are  also 
hypergolic. 

Inorganic  Acids 

Hydrogen  chloride  reacts  with  nitrogen 
tetroxide  in  the  dark  at  room  temperature-  to  form 
nitrosyl  chloride,  water,  and  chlorine: 

N2O4  + 4 HCI ► 2 NOCI  + 2 HjO  -t-  Clj 

Allied  Chemical  (10)  reports  that  the  above  reac- 
tion occurs  with  excfjss  hydrochloric  acid.  With  an 
excess  of  N2O4  the  reaction  with  hydrochloric 
acid  is: 

N2O4  + HCI ^ HNO3  + NOCI 

Sulfuric  acid  rapidly  absorbs  gaseous  N.2O4 
and  forms  nitrosyl  sulfuric  acid  and  nitric  acid: 

H2SO4  + N2  04^^NOHS04  -h  HNO3 

The  nitric  acid  reacts  further  to  form  more  nitro- 
syl sulfuric  acid  and  the  equilibrium  is  strongly 
to  the  right.  On  heating,  NO2  is  evolved  and  the 
equilibrium  is  shifted  toward  the  left. 

Hydrogen,  Oxygen,  Ozone,  end  Carbon  Monoxide 
Mixtures  of  hydrogen  and  nitrogen  dioxide 
ignite  spontaneously  with  the  reaction  proceeding 
only  as  far  as  nitric  oxide: 

NCj  + Hj NO  + HjO 

In  the  presence  of  oxygen  and  water,  the 
following  equiilibrium  reaction  occurs: 

N2O4  + HjO  + VaOj 2HNO3 

Nitrogen  dioxide  reacts  rapidly  and  quanti- 
tatively with  ozone  to  form  dinitrogen  pentoxido 
and  oxygen  as  follows: 

2NO2  +O3 *“N20^  +O2 

Carbon  monoxide  reacts  with  nitrogen  diox- 
ide to  form  carbon  dioxide  and  nitric  oxide, 
namely: 

NO2  + CO ••  CO2  NO 

The  reaction  is  slow  at  room  temperature. 

Nitration  of  Aromatic  Compounds  and 
Aliphatic  Hydrocarbon 

Both  benzene  and  toluene  show  little  ten- 
dency to  interact  with  nitrogen  tetroxide  for  short 
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periods  of  contact  at  ordinary  temperature,  but  on 
exposure  for  several  months,  oxidation  and  nitra- 
tion occur.  The  equation  for  benzene  is: 

2C2H5  +3NO2 ►2C6HgN02  + NO  + H2O 

Nitration  for  high  yields  occurs  with  the  reaction 
in  the  vapor  phase  and  use  of  a catalyst  such  as 
silica  yel. 

Nitroparaffins  are  commonly  prepared  by  the 
vapor  phase  nitration  of  paraffins  with  nitric  acid 
or  nitrogen  dioxide  derived  from  . 

Reaction  wi th  Organic  Compounds 

Both  Hercules  ((T)  and  Allied  Chemical  (10) 
cites  Riebsomen's  work  (19)  as  the  most  recent 
comprehensive  survey  (2G0  references)  of  resetions 
of  nitrogen  tetroxide  with  organic  compounds. 


2.SA.2  inert  Gas  Solubility  on  Liquid 

The  solubility  of  gaseous  helium  was  calcu- 
lated from  test  data  reported  by  the  Martin  Marietta 
Company  (11),  Test  values  ware  obtained  at  four 
temperatures  and  two  pressures.  The  Oswald  co- 
efficient was  calculated.  Table  2.3-3  lists  the  test 
values  and  the  derived  values  in  ppm.  Lockheed  (8) 
also  listed  the  solubility  of  helium  in  NjO,!  at 
one  atmosphere  as  follows: 

0°C  3.0  ppm 

25‘C  4.0  ppm 

The  solubility  of  helium  thus  derived  and  reported 
are  plotted  as  Figures  2,3-14  and  2.3-14a. 

Lockheed  (8)  reports  the  solubility  of  nitro- 
gen in  N2O4  at  one  atmosphere  for  two  tempera- 
ture points.  They  are: 

0“C  1 82  ppm 

25°C  203  ppm 


TABLE  2.3-3  TE3T  DATA,  HELIUM  SOLUBILITY  IN  N2O4 


Oswald 

Temperature 

PrcMure 

Weight  of 

Density  of 

Wt  Helium  to 

Coefficient 

(T) 

(P) 

Helium  x 10® 

N2O4  at  (3) 

Wt  N2O4  X 10« 

4(1) 

•F 

pile 

(2) 

T fit  P,  g/cc 

.0260 

46 

90 

2.767 

1.472 

18.8 

.0245 

44 

190.26 

6.633 

1,474 

37.6 

.0285 

56 

89.75 

2.966 

1.459 

20.3 

.0281 

57 

189,76 

6.170 

1.468 

42.3 

.0297 

70 

90.25 

3.026 

1.442 

21.0 

0294 

70 



190 

6.305 

1.442 

43.7 

.034 

80 

90 

3.231 

1.429 

22.6 

.0320 

80 

189 

6.700 

1.429 

46,9 

.0330 

90 

90.5 

3.248 

1 417 

22.9 

.0338 

90 

189.76 

6.976 

1.417 

49.2 

1. 

2. 


4 


3, 


volume  of  gas  dissolved  (at  the  temp  and  pressure  of  the  Il4uid) 
volume  of  the  liquid 

The  weight  of  helium  was  calculated  as  follows:  (assume  id«al  qas  law  applies  for  test  conditions) 

;r)(t) 

W o weight  of  helium,  g 
" Oswald  coefficient 
P ■ prtjsure,  ptia 

M « Molecular  weight  of  helium,  4 003  g 

R - Gat  constant,  669.53 

Q'lnoli*  n 

T - Temperature,  *R,  (T,  *F  -t-  4t»9,6/*) 

The  weight  (g/cc)  of  the  iolvent,  NjOa,  was  dete-mlned  from  acuat'on  2.3-7  which  !,s: 

N2O4  - 2.066  • 1 .979  X 10-3  (T,  *K)  • 4.826  x 10-7  (T,  *;:)2 


2.3-40 


1 


2.3.5  THERMODYNAMIC  PROPERTIES 

OF  N2O4 

2.3.5. 1 Heat  of  Formation 

Tne  heat  of  formation  of  liquid  N2O4  at 

298.1  was  determined  to  be  -4.676  Kcal/mole 
or  -91.476  BTU/lb.  This  is  the  number  quoted 
from  the  JANNAF  (was  JANAF)  Thermochemical 
Tables  (20)  compiled  by  the  Dow  Chemical  Com- 
pany. Rocketdyne  (21),  in  using  the  value,  assesses 
a 0.4  Kcal/mole  uncertainty  to  the  heat  of  forma- 
tion determination.  Bell  Aerospace  (22)  calculated 
•87.62  BTU/lb  for  the  liquid  equilibrium  mixture 
at  298.15“K  at  an  earlier  time. 

2.3.B.2  Melting  Point  and  Heat  of  Fusion 

The  melting  point  of  N2O4  is  -11.2“C 
(11.84'*F).  The  work  by  Giauque  and  Kemp  (23) 
was  cited  as  the  source  by  Hercules  (o).  Rocket- 
dyne  (9),  and  Allied  Chemical  (10).  Although  the 
source  was  not  given,  others  suen  as  CPtA  (5>, 
CPIA  (2),  Autonetics  (3),  Bell  (4),  and  Aerojet- 
General  ( 1 ) quote  the  same  value. 

The  heat  of  fusion  at  the  molting  point  is 
3.502  Kcal/mole  or  6P.51  BTU/lb.  Hercules  (6) 
and  Allied  Chemical  (10)  cites  a symposium- type 
document,  "Selected  Values  of  Properties  of 
Chemical  Cnmpounds"  (24)  as  the  source. 

2.3ii.3  Critical  State  Constants 

The  cr.'tical  temperature  (the  maximum  temp- 
erature at  which  a gar  can  be  liquified;  above  this 
temperature  it  cannot  be  liquified  regardless  of 
the  pressure  applied)  if  agreed  to  be  158.2*C 
(316,8“F).  Hercules  (6)  cites  rhe  "Selected  Values 
of  Properties  of  Chemical  Compounds"  Project 
(24)  os  th.e  reference;  Allied  Chemical  cites  both 
the  Project  (24)  as  well  as  the  data  of  Reamer  and  ■ 
Sage  (2R),  Rocketdyne  (9)  goat  b(x;k  to  a 1913 
documaru  to  list  the  work  cf  Scheffer  end  Treuij 
(26). 

The  pressure  required  to  cause  (iquiflcation 
at  the  critical  temperature  is  known  as  the  critical 
pressure.  Knowing  the  critical  ternporeture  and 
using  the  vapor  preswre  equation,  the  critical  pres' 
sure  can  be  oalcu'ated.  As  ;.oted  in  Soctlorj  2.3.3. 1, 
there  arc  some  diffetences  between  vapor  pressure 
correlations  as  a funct’un  of  temperature  from  the 
literature  sources.  Rocketdyne's  vapor  pressure 
eqintion,  proposed  as  adequate  to  use  due  to  their 


intemretation  of  experimental  data,  result-j  in  a 
value  of  98.0  atm.  Hercules  (6)  reports  100  atm; 
Allied  Chemical  reports  99.96  atm. 

The  critical  density  is  0.5B04  g/cc  (34.364 
Ib/ft^)  (9). 

2.3.B.4  Heat  Capacity  of  N2  O4 

The  critique  of  the  values  of  the  heat  capacity 
of  liquid  N2O4  has  been  done  by  Rocketdyne  (9). 
They  cited  the  observations  of  Giauque  and  Kemp 
(23).  Both  Hercules  (6)  and  Allied  Chemical  (10) 
tabulated  values  taken  from  smooth  curve  through 
observations  citing  the  work  of  Giauque  and 
Kemp.  Rocketdyne  proposed  the  following  curve-fit 
expression  based  on  their  interpretation  of  experi- 
mental data: 

Cp  (cal/g  - °C)  0.360  -t-  8.82  x I O '*  (t,  “O 

•1.03  X 10-5  (t.-O^ 

■r  1.77  X 10-7  (t,“C)3 

(2.3-22) 

Cp  (BTU/lb  ’F)  - 0.340  + 7.87  x IQ  S (t,  "F) 

- 6.09  X 10-6  (t,‘F)2 
-i- 3.03  X 10-8  (t,*F)3 

(2.3-22a) 

The  temperature  ranges  of  the  expressions  are 
•7.9“C  to  108.1'C  and  17.8T  to  226.6"F  respec- 
tively. It  is  noted  that  Giauque  and  Kemp's  work  is 
performed  to  the  boiling  point  ot  N2O4  which  is 
21. rc  (294.35*K);  thus  values  above  21.2“C  are 
extrapolated. 

The  equations  in  terms  of  absolute  tempera- 
ture are: 

Cp  (Cal/g-“K)  = -4.267 -r  4.61 27  X 10'2  (T,«K) 
- 1.5534  X 10 (T,’K)2 
+ 1.77  X 10  ’ (T.r)'^ 

(2.3-*'3) 

Cp  (BTU/lb-’R)  = - 4.252 

+ 2.5593  X 10-2  (T/‘R) 

- 4.7874  X 10-«  (T.-R)'*’- 
-t-?.03x  10-8  (T.‘R)8 

(2.3-23a) 

The  smoothed  data  are  plotted  in  Figures  2.3- 15 
and  2.3-150. 
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AI&g  presented  Jierein  are  the  curve-fit  expres- 
sions by  Rocketdyne  (9)  of  N2O4  in  the  solid 
phase: 

Cp(c»l/g  ‘'C)  = 0,3108 1.474  X 10-3  (t/C) 
7.98  X 10  6 {t,«ci^ 

+ 2.60  X 10-8  (t/C)3 

(2.3-24) 

Cp(BTU/lb-'^F)  * 0.2370-^6.761  .x  lO  ‘»(t,“F) 
+ 2,032  X 10-6  (t/F)2 
-i- 4.47  X 10  “ (t.“P)8 

(2.3-24a) 

The  temperature  range  is  from  -256  4 to  '14.9"C 
( 429,5  to  5,2*F).  Rocketdyne  interpreted  tlie 
experimental  data  of  Giauque  and  Kemp  (23). 
Hercules  (6)  and  Allied  Chemicat  (10)  also  teblu- 


lated  values  from  20  to  260“K  referring  to  Giauque 
and  Kemp,  In  terms  of  absolute  temperature,  the 
equations  become: 

CpIcal/g-'K)  = -0.02631 

■H  2.934  X 10-3  (T/K) 

- 1.3'>.26x  10  8 (T,*K)2 
•t-2.60x  10-8 

(2.3-25) 

Cp(BTU/ib-*R)  = 0,02812 

+ 1.6405  X 10‘3  (T,*R) 

• 4.1322  X 10-6  (T,*R)2 
+ 4.47X  10’8  (T.“R)3 

(2.3-25a) 

The  smoothed  data  are  plotted  in  Figures  2.3- 13 
and  2.3- 16a. 
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Figure  2.3-16.  Heat  C«)>adty  of  Liquid  Nitrogen  'S'otroxldo 
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2.3.5.S  Latent  Hsat  of  Vaporization  dyne  (9)  lists  the  same  value  citing  Giauque  and 

The  heat  of  vaporization  of  N2O4  at  the  boil-  Kemn's  wnri/^  (2d).  Hercules  (6)  gives  a table  of 

ing  point  (21 .2°C)  has  been  established  at  99  cal/g  values  of  heat  of  vapoi izatio .1  of  liquid  N2O4 

(178.2  BTU/lb)  by  the  1956  project  to  select  calculated  according  to  the  Causius-Chapeyron 
properties  of  chemical  compounds  (24).  Rocket  Equation. 
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2.3.6  LOGISTICS  OF  NITROGEN  TETROXIDE 
(NTO,  MON-I,  MON-3,  MM  Grade,  MON-10 
and  MON-25) 

2.3.6. 1  Manufacture 

The  principal  supplier  of  nitrogen  tetroxide 
for  the  government  is  the  Vicksburg  Chemical 
Company,  Vicksburg,  Mississippi.  They  supply  the 
NTO,  MON-1  and  MON-3  presently  being  procured. 
The  Minuteman  Grade  NjO^  is  procured  from 
Valley  Nitrogen  in  Fresno,  California.  Vicksburg 
Chemical  is  the  manufacturer  of  MON10  and 
MON-25  for  the  government;  none  was  produced 
in  1976.  Commercial  N2O4  is  available  from  Air 
Products  and  Chemicals,  Inc.,  La  Porte,  Texas. 

Nitrogen  tetroxide  can  be  produced  by  a 
number  of  methods.  Some  of  the  more  important 
are; 

1 ) By  catalytic  oxidation  of  ammoni><: 

4 NH3  + 5 O2 — ^4  NO  + 6 HjO 

2 NO  + O2 -2NO2 

2 NO2  N2O4 

2)  By  oxidation  of  nitrosyl  chloride  when 
nitrosyl  chloride  is  formed  from  a salt  and 
nitric  acid  and  ttion  oxidized  with  oxygen: 

3 NaCI  + 4 HNOj-^3  NaNOj  + NOC!  : 2 HjOf-  Clj 

2 NOCI  + O2 2 NO2  + Clj 

2 NO2 N2O4 

3)  By  decomposition  of  metal  nitrates  with 
nitric  acid.  In  this  method  the  acid  oxidizes 
the  nitrite  to  a nitrate.  This  liberates  the 
nitric  oxide  to  form  nitrogen  dioxide: 

BNaNOj  +2HNO3 ►SNaNOj  -i  ^NO  + HjO 

2 NO  + O2  ^2  NG2 

2 NO2 N2O4 

w)  The  process  for  manufacture  of  propeliant 
grade  nitrogen  tetroxide  (28)  consists  of 
intercepting  a stream  of  hot  mixed  oxide 
gases  from  the  platinum  catalyst  co'-  •-rter 
of  3 nitric  acid  plant.  The  hot  mixed  o.  'de 
gases  are  passed  countercurrent  to  a stream 
of  medium-stfQngth  nitric  acid  in  a nitrogen 
tetroxide  converter.  This  condenses  out 
most  of  the  crude  N2O4  from  the  overhead 


gas  stream.  Subsequendy,  the  spent  gases 
are  allowed  to  enter  the  nitric  acid  oxida- 
tion absorption  tower.  Ti’e  crude  nitrogen 
tetroxide  is  distilled  to  yield  a product  of 
at  least  99.9%  pui  ity. 

2.5.6.2  Analysis 

The  analysis  of  p'-opellant  grade  N2O4  is 
covered  in  MIL-P-26539C,  Amendment  2,  dated 
5 April  1976.  This  includes  NTO,  MON-1  and 
MON-3.  The  analysis  of  Minuteman  Grade  N2O4 
is  controlled  by  Bell  aerospace  specification 
8477-947041.  The  analysis  of  Mixed  Oxides  of 
Nitrogen  MON- 10  and  MON-25  are  covered  in 
MIL-P-27408A,  dated  15  October  1971. 

The  NO  content  of  the  oxidizer  shall  be  de- 
termined by  allowing  Oj  flow  into  a sample  bomb 
and  determining  the  NO  content  by  the  amount  of 
O2  required  to  complete  the  reaction.  This  is  the 
method  t.pecified  in  MIL-P-26539C.  An  alternate 
spectrophotonietric  method  is  optional. 

The  N2O4  content  is  determined  by  neutra- 
lizing a sample  of  the  oxidizer  with  a solution  of 
0.5  N NaOH.  The  percent  by  vveight  N2O4 
is  calculated  from  the  volume  of  NaOH  required  to 
neutralize  the  sample  of  a pH  of  6. 8-7.0. 

The  water  equivalent  is  determined  using  a 
gas  chromatograph. 

The  chloride  content  using  a spectrophoto- 
meter and  the  particulates  are  measured  in  accord- 
ance with  ASTM  Designation  D-2276-67T,  Method 
A. 

2.3.6.3  Cost  and  Availability 

Nitrogen  tetroxide  is  readily  available  in  large 
quantities  for  aerospace  industrial  use.  The  first 
large  user  was  the  Titan  1 1 missile  system  developed 
in  195B.  Every  major  space  application  hasuseri  it 
since,  including  Titan  HI,  Transtage,  Gemini. 
Apollo,  LEM,  Mariner  Mars  '71  and  Viking  Orbiter. 
In  the  near  future  the  Space  Shuttle  will  use  vast 
amounts  in  its  orbit  maneuvering  and  attitude 
control  systems. 

At  the  present  time  the  bulk  of  the  pro- 
pellant grade  N2O4  produced  in  this  country  is 
produced  by  Vicksburg  Chemical  Company,  Vicks- 
burg, Mississippi.  The  government  (27)  procured 
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about  a million  pounds  of  NTO  (red-brown). 
3(30,000  pounds  of  MON-1  and  75,000  pounds  for 
MON-3  in  1976.  The  unit  price  (1976)  is  $0.23/ 
pound  from  the  government.  An  unknown  quan- 
tity of  Minuteman  grade  NjO,-  was  procured  from 
Valley  Nitrogen,  Fresno,  California  at  a unit  price 
of  $1.90/pound. 

2.3.6.4  Shipping  and  Transportation 

The  requirements  for  shipping  and  transpor- 
tation of  nitrogen  tetroxide  are  specified  in  MIL-P- 
26539C,  Amendment  2,  b April  1976  for  NTO, 
MON-1,  and  MON-3.  Minuteman  grade  N2O4  is 
controlled  by  Reference  (29).  MON-1 0 and  MON-,?5 
requirements  are  specified  in  MIL-P-27408A 
dated  15  October  1971.  Excerpts  are  included  here 
for  information. 

The  product  furnished  under  this  specifi- 
cation is  a hazardous  material  as  defined  and 
regulated  by  the  Department  of  Transporta- 
tion (DOT)  regulations.  All  packaging  to  be 
shipped  commercially  by  any  mode  of  trans- 
portation shall  comply  with  th',  rrjquirements 
of  DOT  regulations  49  CFR  171-19a,or  DOT 
special  permit  obtained  in  accordanve  w^th  49 
CFR  170  13  by  shipper  in  conjunction  with 
the  Commander,  Headquarters  Military  Traf- 
fic Management  and  Terminal  Semce,  Attn; 
Safety  Division  (7CS),  Washington,  D.C. 
20316.  All  packaging  to  be  shipped  by  mili- 
tary aiv  shall  comply  with  DSAM  4145.3 
(AFM  71-4).  The  product  siial!  be  packaged 
•n  containers  and  unit  quantities  as  specified 
by  the  procuring  activity. 

The  following  listed  containers  are  nc.n- 
sidered  acceptable  for  military  use  and  unless 
otherwise  noted  are  approved  by  DOT  regula- 
tions and  special  permits  for  use  with  rntrogen 
tetrc*'ide. 


(a)  Sample  quantities  of  product  may  be 
shipped  in  Cosmodyne  Sampler,  Model  RPS 
5(30-OX,  as  specified  in  special  permit  number 
4483  or  on  specification  DOT  3E1800 
cylinders  as  specified  in  special  permit  num- 
ber 4483.  Shipment  in  sampling  cylinder 
conforming  to  MIL-83690  (USAF),  Type  I, 
Style  I,  High  Pressure,  should  also  be  con- 
siderod  even  though  s special  permit  does  not 
presently  exist, 

(b)  Product  may  be  shipped  in  cylinders 
of  specif icat' "ns  DOT  3A480  or  3AA480,  or 
individual  cylinders  of  specification  DOT 
106A500  or  106A500-X  as  specified  in 
CFR  173.336:  or  modified  as  specified  in 
special  permit  number  5018. 

(c)  Product  may  be  shipped  in  cargo 
tanks  as  specified  in  special  permit  number 
3121. 

(d)  Product  may  be  shipped  in  tar*k  cars  of 
specifications  DOT  106A500  or  ‘(06A500-X, 
or  specification  DOT  1 05A500-W  as  specif ied 
in  49CFH  173.336,  or  special  permit  number 
2986. 

The  capacity  of  common  shipping  containers 
used  for  nitrogen  tetroxide  or  mixed  oxides 
of  nitrogen  is: 

Cylinders  - hiph-pressure  seamless  steel  to 
the  following  specifications: 

DOT —3D  480-10  lb  net  and  156  lb.  net 

COT-3A2015-13lb.  net 

DOT-3A  2215-30  lb.  net  (Sp.  Permit 
5376) 

DOT-3A  1800-126  ib.  net 

DOT  - 1 06A  600-X  - 2000  lb.  net 
Tank  cars-single  unit  car  to  specification; 

DOT-  105A  500-W- 10,000  gal. 
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3.1  INTRODUCTION 


3.1.H  GENURAl, 

This  section  presents  the  recommenoed  pro- 
cedures for  bandiing  and  storing  of  the  various 
oxidizers  and  blends  based  or.  the  nitric  acids  and 
nitrogen  tetroxides.  Data  or,  the  long  term  Stonge 
requite/nents  and  materials  compatibility  for  these 
oxidizers  is  also  included. 

The  u.ie  of  a propellant  usually  involves  a 
series  of  operations  beginning  ,vith  procurement 
and  ending  with  actual  usage,  Procurement  and 
shipping  of  the  propellants  concerned  are  described 
separately,  by  propellant,  in  Section  2 of  this  Hand- 
book Specific  uses  of  the  propeilents  will  not  be 
covered  individually,  however,  the  storability  and 
compatibility  subsections  (3.3  and  3.4)  will  pro- 
vide for  the  selection  of  materials  to  be  used  in 
specific  applications. 

T.he  generally  njcommended  equipment,  pro- 
cedures, and  precautions  for  transferring  propellants 
between  storage,  shioping  and  usage  functions  are 
presented  in  Section  3.2. 

3.1.2  ORGANIZATION 

This  section  is  divided  in  three  major  sub- 
sections as  described  above.  These  appear  in  the 
table  of  contents  at  the  beginning  of  this  section. 
The  subsections  are  divided  into  propeiiant  group- 
ings based  on  cummonality  ot  procedures  and  simi- 
larities in  their  compatibility  and  storability 
characteristics,  together  with  the  volume  of  data 
available  on  the  propelknts, 

3.1.3  SCOPE 

Subsection  3.2  deals  with  accepted  methods 
of  transferring  propellants  between  storage,  ship- 
ping, and  u^age  functions  as  practiced  by  major 
manufacturers  and  useri,  and  is  in  concurrence 
with  other  standard  handling?)  manuals  concerned 


with  these  propellants.  Propellants  requiring  identi- 
cal procedures  and  equipment  are  disc.ussed  to- 
gether as  a group. 

Subsection  3.3  is  concerned  only  with  the 
storage  of  the  niiric  acid  and  nitrogen  tetroxide 
oxidizers  in  ground  bailed  facilities.  This  subsection 
is  divided  into  a brief  discussion  for  each  group  of 
propellants.  Propellants  which  show  similar  be- 
havior are  discussed  together  as  groups. 

Subsection  3.4,  compatibility,  deals  mainly 
with  the  effect  of  the  propellants  and  their  vapors 
on  materials  in  contact  with  them. 

A compatibility  rating  scheme  is  used  which  is 
similar  to  or  nearly  identical  witn  the  rating  systems 
now  in  use  in  the  various  standard  manuals  dealing 
with  compatibility  of  materials  with  the  nitric  acid 
and  nitrogen  tetroxide  oxidizers.  The  various  other 
rating  schemes  are  also  briefly  discussed. 

All  of  the  oxidizers  considered,  exhibit  similar 
compatibility  behavior  and  no  definite  additional 
criteria  exist  for  grouping  of  propellants  along 
compatibility  lines.  The  propellants  are  grouped, 
for  convenience,  according  to  usage,  availablillty 
of  data,  and  comrnonal|ty  of  ingredients.  This  re- 
results in  three  groups  of  oxidizers:  nitric  acid, 
HDA  and  nitrogen  tetroxide. 

,3.1.4  USAGE  LIMITATIONS 

The  data  presented  herein  is  considered  ade- 
quate for  use  In  designing  ground-based  equipment 
and  facilities.  For  flight  vehicles  applications, 
requirements  are  sometimes  much  more  stringent, 
requiring  an  in-depth  study  of  a particular  combi- 
nation of  propellants  and  materials.  Tor  these 
applications,  the  data  herein  can  serve  only  as  a 
preliminary  selection  guide,  it  being,  essential  to 
conduct  or  consult  more  detailed  studies. 
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3.2  HANDLING  AND  TRANSFER 


3.2.1  GENERAL 

Ali  of  the  oxidizers  discussed  in  this  Hand* 
book  are  fuming  liquids  which,  depending  upon 
the  amount  of  dissolved  nitrogen  oxides,  vary  from 
colorless  to  reddish  brown.  Therefore,  handling, 
transfer,  and  storage  procedures  which  apply  to 


one  oxidizer,  are  found  generally  to  apply  equally 
well  to  ail  of  the  oxidizers. 

Nitric  acid  and  the  blend,  high  density  acic, 
are  covered  as  a family  while  the  nitrogen  tetrox- 
ides  and  mixed  oxides  of  nitrogen  are  discussed 
separately. 
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3.2.2  HANDLING  AND  TRANSFER 
OF  NITRIC  ACID 


3.2.2. 1 Gsneral 

The  nirric  acids  and  high  density  acids  dis- 
cussed in  this  chapter  are  fuming  liquids  which, 
depending  upon  the  amount  of  dissolved  nitrogen 
oxides,  vary  from  colorless  to  reddish  brown. 
Vapors  from  these  acids  have  a characteristic  pun- 
gent odor.  Thu  fuming  nitric  acids  ere  highly 
corrosive  oxidizing  agents  and  will  vigorously 
attack  most  metals.  They  react  with  r.iany  orgar>lc 
materials:  spontaneously  causing  fire.  In  ra*e  in- 
stances, on  gross  contact  with  certain  materials 
(e.g.,  hydrazinel  and  when  spontaneous  ignition  is 
delayed  because  of  degraded  materials,  an  explo- 
sion may  occur.  Th.e  nitric  acids  will  react  with  sea 
water,  releasing  large  quantities  of  nitrogen  oxides 
which  are  toxic.  These  chemicals  are  hygroscopic. 

The  nitric  acids  are  soluble  in  water  in  all  pro- 
portirms;  there  is  an  accompanying  evolution  of 
heat  and  oxides  of  nitrogen.  Unless  the  acid  is 
added  slowly  to  water,  the  large  ainount  of  heat 
released  when  they  dissolve  may  cause  sp>iittering. 

Nitric  acid  is  stable  to  ail  types  of  mechanical 
shock  and  Impact. 

The  most  complete  and  up-to-date  sources 
of  detailed  handling,  storage,  and  safety  procedures 
iriclude  t.he  L/gu/cf  Propellant,  Handling  Storage 
and  Transportation  Manual  ill  and  the  product 
bulletin  of  n'.tric  acid  manufacturers. 

3.2.2.2  Matiriali  «or  Transfer  Equipment 

The  fallowing  types  of  metals  are  approved 
for  use  w'th  fuming  nitric  acids  and  HD.^. 


Aluminum 

Stainless  Steal 

1060 

347 

1100 

19-9  DL 

3003 

19-9  DX 

3004 

304  ELC 

6061 

321 

6062 

303 

5154 

316 

Durimnt  20 

All  other  forrous  and  nonferrous  metals  and 
their  elioys  are  prohibited  because  they  react  with 
fuming  rfitric  acid,  producing  tcxic  oxides  of  nitro- 
gen as  well  as  tailuros  t'rom  corrosion.  T'tanium 


metal  and  alloys  of  which  titanium  is  a major  con- 
stituent must  be  particularly  avoided  in  HFNA, 
IRFNA  systems  because  of  a possible  fire  and 
explosion  (49)  hazard. 

The  following  are  nonmetals  approved  for  this 
service: 

a.  Kel  F-81,  Teflon  TFE,  Haion  TFE  or 
equivalent 

b.  Hesin-X  (concrete  protective  coating) 
Epoxy,  type  MIL-r*-22808A 

Three  types  of  lubricants  approved  for  use 
with  fuming  nitric  acids  are  as  follows: 

a.  Nordcoseal-147-S 

b.  Fluorolube 

c.  Perfluorocarbons 

All  storage  tanks  shall  be  of  welded  construc- 
tion and  after  fabrication  should  be  properly  stress 
relieved,  They  shall  be  of  dip-log  design  In  which 
the  inlet  is  located  about  3 inches  above  the  bot- 
tom of  a sump.  They  shall  be  equipped  with 
pressure-relief  valves  and  lines  of  adequate  size  and 
whero  venting  to  the  -itmosphero  is  impractical,  dis- 
charged into  a fume-scrubbing  system,  Tanks  sliall 
be  equipped  with  a high  and  low-liquid-level  alarm 
system  which  also  controls  the  pump  motor.  Be- 
cautie  carbide  precipitation  takes  place  during  the 
welding  of  stainless  steel,  the  section  of  e stainless- 
steel  storage  vessel  most  susceptible  to  corrosion 
failure  is  its  welded  area.  This  danger  may  be 
materially  lessoned  by  proper  heat  treatment  of 
the  vessel  after  fabrication.  Packings  and  lubri- 
cants should  be  Installed  in  pumps,  valves,  etc. 
after  delivery. 

The  pipes  and  tittings  shall  be  of  approved 
construction  materials  and  tested  at  design  pressure. 
Whenever  possible,  piping  and  fitting  shall  be 
installed  by  welding. 

GaskotP  of  the  following  type  are  acceptable 
for  use  with  fuming  ritric  acid: 

a.  Sheet  TFE  (Haiorv  TFE,  Teflon  or  equiva- 
lent) 

b.  Kel-F  (chlorotrifluoroethylene  oolymer  or 
equivalent) 
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c.  Aluminum 

d.  Teflon-shoathed  asbestoc  (orwelopn) 

e.  Corrugated  aluminum  with  asbsstos-fillod 
depressions 

The  most  satisfactory  valve  '■&  a plug  type. 
Vaivss  used  for  acid  operations  shall  be  constructed 
of  compatible  materials  and  shall  be  rebuilt  prior 
to  reuse  with  fuel  systems,  because  the  packing 
material  may  become  contaminated  and  cause  a 
fire.  Gate  valves  are  not  recommended  for  nitric 
acid  service. 

Pumps  shall  be  constructed  of  approved 
materials  and  may  be  of  a centrifugal  or  a positive- 
displacement  type,  as  suitable.  The  shaft  seal  shall 
be  either  a mechanical  seal  constructed  of  material 
resistant  to  fuming  nitric  acids,  or  of  braided  blue 
asbestos  packing  impregnated  with  approved  lubri- 
cant. Acid  hoses  shall  be  made  of  flexible  braided 
stainless-steel  wire  with  TF£  or  stainless-steel  bel- 
lows inner  liner. 

Acid  storage  faciiitios  should  be  monitored 
wi^h  pressure  gage)  of  approved  stainless-steel  con- 
struction and  cleaned  for  oxidizer  service.  In  order 
to  minimize  operator  reading  errors,  all  pressure 
gages  used  for  a common  purpose  should  have 
identical  scales. 

All  acid-storage  tanks  ohall  be  provided  with 
a venting  system  and  with  a vapor-pressuro-relief 
valva^  of  adequate  size,  set  at  a safe  working  pres- 
sure which  will  be  detenmined  by  the  material  and 
constructicn  of  the  tank. 

Further  details  concerning  equipment  for 
transfer  and  handlini  uf  nitric  acids  can  be  found 
in  the  CIPA  Manual  (1)  on  the  handling  and  storage 
of  liquid  propellants,  or  in  the  manufacturers' 
literature. 

Detailed  information  on  the  toxic  and  fire 
hazards  of  nitric  acids  as  well  as  safety  precautions, 
are  presented  in  Section  4.0  of  this  Handbook. 
That  section,  as  well  as  the  safety  infoimation  in 
one  or  more  of  the  referenced  publications  should 
be  consulted  bsforo  attempting  to  handle  or  work 
with  thesu  oxidizers. 

3.2£.3  Transifr  Procedures 

In  any  operation  relating  to  the  handling. 


transfer  or  storage  of  fuming  nitric  acids,  there 
shall  never  be  fewer  than  two  operators  present, 
and  ready  avenues  of  retreat  for  them  sfiould  be 
available.  In  all  handling  operations,  personnel  shall 
wear  approved  protective  clothing  and  respiratory 
safety  equipment. 

Operating  procedures  with  sequencing  check 
list  shall  be  defined  by  the  cognizant  authority  or 
by  the  manufacturer  of  the  nitric  acid  equipment. 
Ali  operating  personnel  shall  be  completely  and 
thoroughly  instructed  before  operating  the  equip 
merit.  Ali  valves,  pumps,  switches,  etc.,  stiaii  be 
identified  and  tagged.  The  operators  will  use  the 
sequdiiciny  check  list  provided.  All  enclosed  spaces 
should  be  provided  with  general  ventilation,  if 
there  is  any  danger  oi  any  accumulation  of  vapors. 

If  there  is  any  evidence,  visual  or  by  odor,  of 
nitrogen  dioxide  in  the  air,  the  atmosphere  will  be 
checked  and  monitored  for  the  threshold  limit 
value  prior  to  the  start  of  transfer  operations. 

Safety  shuwers  shall  be  located  in  easily  acces- 
sible places  near  the  transfer  and  storage  equip 
ment. 

Drums  shall  be  stored  with  bung  side  up  to 
prevent  possible  leakage  at  that  point.  With  the 
exception  of  containers  of  IBFNA,  drums  shall  be 
pressure  relieved  when  received,  and  once  eacii 
week  thereafter.  This  is  done  by  slightly  loosening 
the  bung  cap  until  all  vapor  pressure  has  been 
relieved  and  then  immediately  retightening  the 
caps.  To  prevent  the  loss  of  hydrogen  fluoride, 
drums  containing  TypelllA,  IRFNA,  should  not  bu 
vented.  No  excessive  internal  pressure  build-up  in 
such  drums  is  experienced  as  long  as  a minimum  of 
0.3  percent  hydrofluoric  acid  is  maintained.  Ullage 
should  never  bo  greater  than  60  percent;  if  possible, 
a 10  percent  ullage  should  be  maintained.  Drums 
should  be  emptied  using  a self-priming  hand  or 
motor  driven  pump.  Pressure  transfer  should  not 
be  used.  The  empty  drums  shall  be  compeletly 
filled  with  water,  drained  and  the  bung  replaced 
before  being  set  aside  tor  storage  or  return  to  the 
supplier. 

As  part  of  their  service,  suppliers  of  nitric 
acid  furnish  loading  anrf  unloading  instructions. 
The  users  shall  be  Instructed  by  the  supplier  in 
the  proper  use  of  the  equipment  and  shall  always 
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foHo'vV  tho  ptocedures  prescribed  by  the  manu- 
factcrei  fo;  operating  and  maintaining  equipment 
used  with  nitric  acid.  Personnel  engaged  in  the 
transfer  of  nitric  acid  trom  tank  car  or  tank  truck 
must  be  specifically  trained  ir,  that  operation. 

After  all  filling  and  transfer  connections  havo 
been  made,  all  inlet  and  outi<>t  valves  shall  be  set 
and  checked.  After  the  transfer  is  completed,  the 
pump  shall  be  shut  down  before  closing  the  valves 
and  making  the  necessary  disconnections. 

2.22  A Personal  ■’rotaotion  an^f  Othar  Precautions 

Protective  equipment  and  emergency  facilities 
comprise  the  following; 


Hand,  face,  head,  body,  and  foot  protection. 

Respiratory  protection. 

Safety  showers,  eye  wash  faciiitio-s,  and  other 

water  supply. 

The  wearing  of  proper  respiratory  protection 
in  high  concentrations,  such  as  an  approved  self- 
contained  breathing  apparatus,  proper  protective 
clothing,  and  other  measures  is  discussed  in  Section 
4.2.3. 1 of  this  Handbook. 

In  case  of  an  accident  large  amounts  of  water 
is  the  most  effective  means  of  counteracting 
nitric  acid  exposure.  First  Aid  is  covered  in  more 
detail  in  Section  4.2.4. 
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3.2.3  HANDLING  AND  TRANSFER 
OF  NITROGEN  TETROXIDE 


3.2.3. 1 Gentst’al 

^4(t.rogen  totroxide  is  actually  an  equilibrium 
mixture  of  nitrogen  tetroxide  and  nitrogen  dioxide 
» 2 NOj).  It  is  sometimes  called  dinitro- 
gan  tetroxide,  nitrogen  peroxide  or  liquid  nitrogen 
dioxioe. 

M'xed  oxides  of  nitrogvjn  consist  of  various 
mixtures  of  N2O4  and  nitric  oxide  (NO),  The  addi- 
tion of  NO  to  nitrogeii  tetroxide  lowers  the  freezing 
point  of  the  propellant. 

Nitrogen  tetroxide  (N.^O^)  is  a voi-atils 
reddish-brown  liquid.  It  is  a powerful  oxi.'*izing 
agent  containing  about  70%  available  oxygen.  The 
fumes  are  yellowish  to  reddish  brown  and  have  a 
charateristic  odor.  Propellant  mixed  oxides  of 
nitrogen,  containing  90%  N3O4  and  10%  NO, 
resembles  nitrogen  tetroxide  in  color  and  odor. 
Nitric  oxide  is  a voiatiie  blue  liquid.  The  fumes 
are  colorless. 

Oxides  of  nitrogen  are  corrosive  oxidizing 
agents.  In  the  presence  of  wster  the  corrosiveness 
of  thase  oxidizing  agents  is  erihanced.  may 
react  with  combustible  materials  and  is  hypergolic 
with  UDMH.  As  NO  concentrations  are  'ncreased, 
the  N2O4  mixture  shows  decreased  hypergoiicity. 
Oxides  of  nitrogen  are  net  sensitive  to  mochenictil 
shock,  heat  or  detonation.  They  are  nonflammable 
with  air,  but  can  support  combustiom 

NjO,!  in  water  reacts  to  form  nitric  and 
nitrous  acids.  The  nit.'ous  acid  decompofss  forming 
additional  ivitric  acid  and  envolving  nitric  oxide 
(NO). 

N2O4  is  very  stable  at  room  temperature.  At 
302“F  it  begins  to  dissociate  into  nitric  oxide  and 
free  oxygon,  bu  ■ upon  cooling  it  reforms  into  N2O4 . 
Dry  N2O4  dess  than  0.1  percent  wSter  equivalent) 
may  be  stored  in  low-press'jre  carbon-steel  con- 
tainers, since  the  varor  pressure  ot  140“F  is  only  74 
psia  and  the  corrosiveness  at  this  water  content  is 
negligible  for  an  indefinite  period. 

NO  is  stable  at  room  temperature.  Mixed 
oxides  of  nitrogen  (MON-1C)  has  a vapor  pr6ssu’’e 
of  140  psia  at  140“F  which  is  moderately  higher 


than  that  of  nitrogen  tetroxide,  and  requires  con- 
tainers rated  for  this  higher  pressure. 

The  rriost  complete  and  up-to-date  sources  of 
detailed  handling,  storage  and  safety  procedutes  in- 
clude the  Liquid  Propellant  Handling,  Storage  and 
Transportation  Manual  (!)  and  the  product  bulle- 
tins of  nitrogen  tetroxide  manufacturers  (2  and  3). 

3.2.3.2  Materials  for  Transfer  Equipment 

Although  N2O4  and  mixed  oxides  of  nitrogen 
at  ordinary  temperatures  and  pressures  are  not 
corrosive  to  most  common  metals,  the  seieciion  of 
metals  for  this  service  should  be  goverried  by  the 
oxidizer's  moisture  content.  The  foliowing  metais 
are  suitable  for  this  service; 

a.  When  moisture  is  0.1  percent  or  less 

Carbon  steels 
Aluminum 
Stainless  steels 
Nickel 
Inconel 

b.  When  moisture  conitm'  sabova  0.1  percent 

•Stainless  steel  (300  series) 

NOTE:  Use  of  silver  soider  should  be  avoided  in 
component  or  system  fabrication. 

The  following  nonmotals  may  be  used; 

Ceramic  (acid-resistant) 

Pyrex  glass 

Poiytetrafluoroethylene  (TPE  or 
equivalent) 

Polytrifluorochioroethyiene  (Ko!-F  or 
equivalent) 

Asbestos  (cotton  free) 

Polyethylene  (limited  use) 

Since  hydrocarbon  lubricants  react  with  oxi 
dizers,  they  must  bs  avoided;  the  following  lubri- 
cants, which  are  resistant  to  strong  oxidizers,  may 
be  used: 

Fluorocarbon  oils,  greases  and  waxes 
Nordo  seal-147  and  DC  234S  or 
equivalent 

Poiytetrafluoroethylene  tape 

N2O4  and  mixed  oxides  of  nifogen  are 
shipped  in  cylinders,  tank  trucks  and  tank  cars. 
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and  may  be  stored  in  cylinders  and  tanks  (main 
storage  and  mobila). 

The  tanks  shall  be  of  welded  construction  and 
shall  be  constructed  acccrdir^g  to  the  ASME  Boiler 
and  Pressure  Vessel  Code  (4).  Since  anci 

mixed  oxides  of  nitrogen  do  not  present  a parti- 
cular corrosion  hazard,  the  tank  may  be  equipped 
with  bottom  outlets  for  transfer  and  cleaning.  The 
tanks  shall  be  equipped  with  adequate  pressure 
relief  devices.  Storage  tanks  for  service  in  mixed 
oxides  of  nitrogen  require  higher  pressure  ratings. 
Storage  and  mobile  tanks  must  be  equipped  with 
both  top  till  lines  and  fume-return  (or  vent)  and 
pressure-balance  lines.  This  design  is  necessary  to 
keep  the  system  dossri  during  transfer  and  filling 
operations.  The  tanks  shall  also  be  equipped  with 
liquid-level  gages  and,  if  practical,  a high-  and  low- 
level  alarm  system. 

The  design  and  construction  of  mobile  tanks 
should,  insofar  as  possible,  comply  with  DOT  regu- 
lations (6).  This  would  avoid  the  use  of  low-pres- 
sure tanks  which  may  be  satisfactory  for  stationary 
storage  but  too  light  tor  safe  handling  in  transit. 

The  pipes  and  fittings  shall  be  of  approved 
construction  .materials  and  shall  be  tested  for  the 
design  working  pressure.  Whenever  possible,  piping 
and  fittings  shall  be  installed  by  welding;  a thread 
sealing  compound  of  water  glass  (disodiurri  silicate) 
and  graphite  and  polytetrafiuorosthyleno  tape, 
liowwer,  nas  been  used  successfully. 

Gaskets  and  "O'  rmgs  rrjay  be  fabricated 
from  any  of  the  recommended  nonmetals  listed 
herein. 

Leakage  connot  be  tolerated  in  valves  selected 
for  nitrogen  tetroxide  or  mixed  oxides  of  nitrogen 
.service.  Where  full  flow  with  minimum  pressure 
drop  is  required,  ball  valves  may  be  used;  however, 
seal  design  is  critical.  Needle  vaives  can  be  used  for 
bleed,  sampling,  and  purge  systems.  Polytetra- 
fluoroethyfene  chevron  packing  is  recommended 
for  valve  stem  seals,  Valve  body  construction 
should  bu  of  stainless  steel.  Valve  trim  should  be 
polytetraf  iuoroethylene  or  polychiorotrif  luoroethy- 
lene.  Gate  and  butterfly  valves  should  be  avoided 
for  idtrogen  tetroxide  service  due  to  particle 
migration  problems  In  a soft  seated  valve  of  this 
type. 


Transferring  nitrogen  ietroxide  and  mixed 
oxides  of  nitrogen  by  pump  is  preferred  because  it 
minimizes  the  possibility  of  introducing  moisture 
into  the  sy.stem.  The  pumps  shall  be  constructed  of 
an  approved  material  and  may  be  of  the  centrifugal 
or  rotary  type.  A seal-less  pump  (such  as  Chem- 
pump  or  equivalent)  of  stainless  steel  construction 
is  lecommended;  as  the  design  includes  no  exposed 
shafts.  The  gear  type  of  rotary  pump  is  widely  used 
for  small  volume  propellarst  service.  This  type  cf 
pump  can  use  mechanical  seals  in  place  cf  packing, 
and  is  quite  reliable.  The  seat  material  shall  not 
contain  carbon  or  graphite.  Hoses  shall  be  fabricated 
of  polytetrafluoroethylene  with  stainless  steel 
braid  and  fittings,  h'lexibia  metai  hoses  of  stainless 
steel  construction  are  also  satisfactory.  The  hose 
must  be  designed  fur  the  service  intended. 

Standard  types  of  pressure  gages  made  of 
compatible  materials  and  cleaned  for  oxidizer  ser- 
vice shall  be  used  with  and  mixed  oxides  of 
nitrogen.  In  order  to  minimize  operator  reading 
errors,  all  pressure  gages  used  for  a common  purpose 
should  have  identical  scales. 

Venting  and  safety  relief  equiptr»ent  shall  be 
constructed  of  compatible  materials  and  provided 
as  required. 

Further  details  concerning  equipment  for 
transfer  and  handling  of  nitrogen  tetroxide  can  be 
found  in  the  CPIA  Manual  on  the  handling  and 
storage  of  liquid  propellants  (1),  or  in  the  manu- 
facturers' literature, 

Detailed  information  on  the  toxic  and  fire 
hazards  of  nitrogen  tetroxide,  as  well  as  safety  pre- 
cautions, are  presented  in  Saction  4.0  of  this  Hand- 
book. That  section,  as  well  as  the  safety  informa- 
tion in  one  or  more  of  the  referenced  publications 
shouid  be  consulted  before  attempting  to  handle  or 
work  these  oxidizers. 

3.2.3.S  Transfer  Procedures 

Operating  procedures  with  a seonerjcjng  check 
list  will  be  defind  by  the  cogtvzam  authority  or  by 
the  manufacturer  of  the  NjC^  or  mixed  oxides  of 
nitrogen  equipment.  Al!  operating  personnel  shel! 
be  completely  and  thoroughly  instructed  before 
operating  the  equipment.  All  valves,  pumps, 
switches,  etc.,  shall  be  identified  and  tagged.  The 
operators  will  use  a provided  sequencing  check  list. 
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It  (s  desirable  that  facilities  for  transferring 
N2O4  or  mixed  oxides  of  nitrogen  from  a shipping 
container  to  a storage  vessel  be  located  outdoors. 
Whenever  operations  are  conducted  indoors  or 
there  is  a possibility  of  contamination  indoors, 
adequate  mechanical  ventilation  shall  be  provided. 

N2O4  of  commarcial  purity  and  mixed  oxides 
of  nitrogen  arc  stable  at  ordinary  temperattires. 
N2O4  exhibits  a reversible  dissociation  to  N02- 
Refrigeration  is  not  required  to  keep  N2O4  or 
mixed  oxides  of  nilrogen  as  liquids.  Although  pure 
N2O4  will  freeze  when  the  material  is  used  below 
12“H,  the  additiot>  o’  nitric  oxide  to  achieve  the 
90%  N2O4  ■ 10%  NC  mixture  lowers  the  freezing 
point  to  -9°f-  and  allows  the  oxidizer  to  be  handled 
under  more  extreme  climatic  conditions. 

Liquid  N2O4  and  mixed  oxides  of  nitrogen 
can  be  stored  safely  at  < elatively  low  pressirre  {less 
than  30  psig);  however,  the  vessels  used  for  mixed 
oxides  of  nitrogen  service  require  a higher  pressure 
rating. 

LiquH  N2O4  may  be  stored  or  transported  in 
tank  cars  or  cylinders  v/ith  capacities  up  to  1 ton, 
and  it  may  be  stored  in  bulk  tanks.  Mixtures  con- 
taining NO,  due  to  their  higher  vapor  pressure,  are 
restricted  to  high  pressure  cylinders.  The  storage 
tanks  must  be  of  approved  design,  materials  and 
construction  and  mi.'st  be  suitably  hour>ed. 

Normal  rafety  pnKjautlons  in  handling  arty 
toxic  material  should  be  strictly  observed.  Storage, 
transfer  and  tfist  areas  must  bs  kept  neat  arsd  free 
from  combustibles  and  must  be  frequently  in- 
spected. Piping  systems  shall  be  dearly  identified. 
In  gene.'al,  the  precautions  taken  in  handling  liquid 
N2O4  and  mixed  oxides  of  nitrogen  are  very  similar 
to  those  for  fuming  nitric  acid. 

if  there  is  any  evidence,  visual  or  by  odor,  of 
N2O4  or  mixed  oxides  of  nitrogen  leakage,  the 
atmosphere  will  be  checked  and  monitored  for 
vapor  content  prior  to  the  start  of  transfer  opera- 
tions. 

At  least  two  men  should  always  be  assigned  to 
any  operution  concerning  the  handling,  transfer 
and  storage  of  N2O4  end  mi'^ed  oxides  of  nitrogen. 
Ready  avenues  of  escape  should  always  be  available 
for  them. 


Safety  showers  shall  be  located  in  easily 
accessible  places  near  the  transfer  and  storage 
equipment. 

N2O4  and  mixed  oxides  of  nitrogen  arc  not 
shipped  or  stored  in  drums,  but  may  be  shipped 
and  stored  in  cylinders.  The  two  types  of  cylinders 
which  may  bt  used  fer  N2O4  arc  as  follows: 

a.  One  type  is  closed  by  a screwed  plug  end 
protective  cao.  Before  being  unloaded  the 
cylinder's  contents  shall  be  cooled  tc  be- 
iow  70'F  (2rC).  After  they  have  coohd, 
remove  the  cap  and  plug,  and  install  a 
cylinder  valve  in  the  threaded  opening. 
The  N2O4  may  then  be  withdrawn  as  a 
gas  when  the  cylinder  is  upright,  or  the 
cylinder  may  be  inverted  to  allow  the  with- 
drawal of  tfie  liquid, 

b.  Another  type  Is  fitted  with  valves  for  the 
withdrawal  of  either  liquid  or  gaseous 
N2O4.  The  type  equipped  with  valves  are 
also  appro'  ad  for  mixed  oxides  of  nitrogen 
up  to  33.2  percent  nitric  oxide  (NO).  A 
caulking  and  lubricating  compound  cem'- 
posed  of  water  glass  and  powdered  grapliite 
or  TFE  tape  will  facilitate  the  operation 
of  making  up  threaded  joints  on  cylinders. 
The  use  of  hydrocarbon  lubricants  should 
be  avoided  when  they  ma^'  come  into  con- 
tact with  N2O4. 

A tank  car  may  be  unloaded  into  a storage 
tank  by  transfer  pump.  The  suppliers  of  N2O4  will 
furnish  instructions  for  tiia  proper  unloading  of 
tank  cars.  Before  charging  any  s/stem  with  N;^04 
or  mixed  oxides  of  nitrogen,  it  is  important  that 
the  storage  tank  and  all  pipe  lines,  valvas  and  fit- 
tings are  free  of  oil.  other  organic  materials,  scale, 
foreign  rrtatter  .'»nd  traces  of  '.vater,  If  any  part  of 
the  sys*em  contains  moist  air,  it  should  be  flushed 
tnoroughl'i'  with  dry  compressed  air  or  dry  rom- 
pressed  inert  gas  before  charging  begins. 

After  all  filling  and  transfer  connections  have 
been  properly  made,  all  inlet  anU  outlet  valves  shai! 
be  properly  set  and  checked.  Afte.  th»  transfer  has 
been  completed,  the  pump  or  corr' pressed  gas  shall 
be  shut  down  before  unyone  approacnes  the 
installation  to  close  valves  and  make  necessary  dis- 
connections. An  adequate  supply  cf  water  shall  be 
available  for  flushing  spills  and  for  safety  showers. 
All  valves,  pumps,  switches,  e»o.,  shouid  be  cledrly 
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identified.  Good  housekeeping  must  be  maintained 
at  all  times. 

5.2.3.4  Personal  Protection  and  Other  Precautions 

Protective  equipment  and  emergency  facilities 
comprise  the  following: 

Hand,  face,  head,  body,  and  foot  protection. 

Respiratory  protection. 

Safety  showers,  eye-wash  facilities,  and  other 

water  supply. 

The  wearing  of  proper  respiratory  protection 
in  high  concentrations,  such  as  an  approved  seif- 
conained  breathing  aparatus  and  protective  cloth- 
ing and  other  measures  is  discussed  in  Section 
4.2 .3.2  of  this  Handbook, 

In  case  of  an  accident  largo  amounts  of  water 
is  the  most  effective  means  of  counteracting  hi.,04 
exposure.  First  Aid  is  covered  in  more  detail  in 
Section  4.2.4. 

3.2.4  DISPOSAL  AND  POLLUTION  COS'iTROL 
OF  ALL  NITRIC  ACID/NITROGEN 
TETROXIDE  0XIDI2:ERS 

The  disposal  and  pollution  control  of  these 
oxidizers  has  been  the  subject  of  U.S.  Public  Lawn 
which  dictate  increased  effort  to  improve  air,  land, 
and  wate**  pollution  control  of  toxic  propellant 
vapors,  leaks,  spills,  and  disposal  during  all  phases 
of  manufacture,  transfer,  storage,  and  transporta- 
tion operations.  The  manufacturer  and  users  are 
enjoined  to  approach  the  appropriate  pollution 
control  district  to  mutually  resolve  all  problem 
areas,  and  to  develop  adequate  control  and  disposal 
methods  for  situations  which  are  likely  to  develop 
in  any  of  the  phases. 

Disposal  of  these  oxidizers  shall  be  conducted 
in  a manner  such  that  the  following  requirements 
can  be  met: 

1.  Discarded  oxidizers  and  by  products 
situuld  not  be  able  to  collect  in  areas 
where  they  can  do  harm  later. 

2.  Oxidizers  should  be  disposed  of  in  such  a 
way  which  will  prevent  toxic  vapors  from 
reaching  work  or  Inhabited  areas. 

3.  Oxidizers  should  be  disposed  of  In  a man- 
ner which  will  not  create  a fire  or  explo- 
sion hazard. 

4.  Disposal  products  should  not  be  allowed 
to  enter  waterways  in  any  significant 
concentration. 


Ail  personnel  engaged  in  disposrjl  procedures 
must  wear  full  protective  clothing  and  respiratory 
equipment.  Water  is  the  most  easily  used  and  the 
most  readily  available  decontaminating  agent. 
Laboratory  and  field  tests  on  reactions  at  7TF 
between  fuming  nitric  acids  and  aqueous  5 percent 
NaCH  (caustic  soda,  sodium  hydroxide),  5 percent 
NaHCOs  (bicarbonate  of  soda),  5 percent  Na^COs 
(sodium  carbonate)  and  limestone  indicate  that 
approximately  50  percer^t  more  NO^  fumes  evolve 
during  the  treatment  with  the  foregoing  alkaline 
materials  t.han  are  given  off  during  water  dilution. 
Concrete  and  asphalt  contaminated  with  fuming 
nitric  c-cids  retain  small  amounts  of  acid  in  surface 
pores  even  though  flushed  with  large  quantities  of 
water.  The  most  practical  deccritamination  proce- 
dure.s,  therefore,  are  as  follows. 

When  fuming  nitric  acid  is  spilled  on  concrete 
or  other  hard  surfaces  having  a proper  drainage 
system  and  neutralizing  p!t  and  an  adequate  supply 
of  v/ater,  complete  washing  down  with  water  is 
suffieiont.  In  enclosed  areas,  flush  with  large  quan- 
tities of  water,  then  spray  entire  working  surface 
with  a b percent  solution  of  Na2C03  (sodium 
carbonate). 

For  spills  on  concrete,  asphalt  or  other  hard 
surfaces  in  the  field  where  on  adequate  supply  of 
water  is  not  available  and  where  drainage  is  impos- 
sible, it  is  recommended  that  the  surface  be  sprayed 
with  a 6 percent  solution  of  N&HCO3  (sodium  bi 
carbonate)  or  Na2C03  (sodium  carbonate)  until 
bubbling  ceases. 

Small  ' jantitios  of  N2O4  or  mixed  oxides  of 
nitrogen  can  be  di.sposed  of  by  permitting  them  to 
evaporate  and  disperse  in  lire  atmosphere.  Pit 
neutralization  of  N2O4  with  limestone  or  sods 
ash  is  used  but  is  not  very  effective. 

Large  quantities  can  be  burned  in  a controll- 
able manner  with  a fuel  such  as  kerosene.  The 
disposal  area  should  be  well  isolated  and  the  peri- 
meter cleaned  of  all  combustibles.  Spray  the  N2O4 
or  mixed  oxides  of  nitrogen  onto  the  surface  of  a 
burning  pit  partially  filled  with  fuel.  Repeat  the 
procedure  after  burned  out  area  hos  cooled.  Fire- 
fighting equipment  should  be  nearby  during  burn- 
ing and  disposal  operations,  and  persons  engaged  in 
the  operation  should  wear  suitable  protscti.'s 
equipment. 
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3.3  aiORABiLlTY 


3.3.1  GENERAL 

storage  RROCEDURES 

3.3J7.1  Nitric  Acicf  end  Density  AeiH 

3.3J2.2  Nitroflcn  T«trox»d«  end  Mixed  Oxedes  of  Nitroii9n 


3.3  STOR ABILITY 


3.3.1  GENERAL 

This  section  is  concerned  with  the  storage  of 
the  nitric  acid  and  nitrogen  tetroxide  oxidizers  in 
ground  based  facilities.  Flight  vehicie  applications 
may  require  in  depth  study  of  a particular  oxidizer 
and  tank  material. 

3.3.2  STORAGE  PROCEDURES 

3.3.2.1  Nitric  Add  and  High  Oansity  Acid 

Nitric  acid  must  be  stored  in  fixed  or  mobile 
drums  or  tanks  of  approved  design,  materials  and 
consituction.  Storage,  transfer  and  test  areas  must 
be  kept  neat  and  free  from  combustibles.  All  leaks 
and  spills  m\ist  t>e  flushed  away  at  once  with  large 
amounts  of  water.  These  areas  must  be  frequently 
inspected.  An  adequate  water  supply  must  be  avail- 
able for  firefighting,  flushing,  decontamination, 
personnel  showers  and  eye  batiis.  Cold-water  eye 
baths  and  approved  safety-type  personnel  showers 
must  be  properly  located  for  (inmediate  use  in  an 
emergertcy. 

The  important  factors  to  be  considered  in  site 
seieciion  for  main  and  ♦•eady  storage  are: 

a.  Quantity  of  nitric  acid  to  be  stored 

b.  Type  of  container 

c.  Distance  to  nearest  Inhabited  areas 

d.  Intraline  distance  to  otfier  propellant 
storage  areas. 

The  whole  system  and  acid-storage  area  shall 
be  built  on  a covered  concrete  base  and  sliail  have 
an  adeejuate  drainage  and  decontaminating  system. 
The  system  shall  be  surrounded  by  earthen  or 
concrete  dike  of  sufficient  height  to  contain  110 
percent  of  the  maximum  amount  of  acid  stored  at 
the  installation. 

For  each  storage  and  transfer  installation,  a 
complete  drainage  system  flowing  to  a decon 
tamination  pit  containing  iimestono  or  similar 
neutralizing  agent  shall  be  provided. 

At  least  two  access  roads  to  transfer  and 
storage  sites  shall  be  provided.  Roads  should  be 
wide  eriough  to  provide  adequate  space  for  turn- 
ing. Pavement  in  the  vicinity  of  potential  spills 
should  be  concrete. 


All  tanks,  containers,  and  handling  areas  shall 
be  separated  w'th  due  regard  to  the  minimum  safe 
distance  established  by  Depar.ment  of  Defense 
regulations.  The  total  TNT  equivalents  must  be 
used  if  the  facility  design  does  not  include  positive 
measures  to  prevent  mixing  of  fuel  and  oxidizer. 

All  buildings  in  the  main  storage  area  shall  bo 
of  fireproof  construction,  using  materials  not 
readily  affected  by  nitric  acids  or  their  fumes. 
Shade,  ventilation  and  weather  protection  shall  be 
provided  for  storage  tanks  and  transfer  systems 
under  open-sided,  steel-frame  buildings  with  sloped 
roofs  of  corrugated  asbestos  or  aluminum.  Because 
they  reflect  the  sun  best,  aluminum  roofs  are  pre 
ferred.  The  base  of  the  building  shall  be  of  concrete 
with  a resin  protective  covering.  The  structural 
framework  of  all  other  buildings  in  the  area  shall 
be  steel  or  masonry,  free  of  wood.  The  siding  shall 
consist  of  brick,  piaster,  tile,  corrugated  sheet 
asbestos,  aluminum  or  asbestos  shingles.  Conven- 
tional petroleum-based  roofing  material  is  prohib- 
ited. Wooden  or  rubberized  floors  are  prohibited. 
It  is  recommended  that  the  floors  be  made  of  con- 
crete covered  with  a resin  protective  coating 
(Epoxy,  Ml L-P-22S0SA). 

Alt  electrical  lines  end  wires  shall  be  installed 
in  rigid  metal  conduits,  and  all  electrical  controls, 
junction  boxes  anJ  panels  sK?ll  be  vaporpreef  and 
wer<therproof.  A master  switch  that  will  shut  off 
all  p>ower  in  the  handling  atrd  storage  area  shall  be 
provided  for  emergencies.  I:  shall  be  located  in  an 
accessible  spot  outside  the  acid  area  and  an  appro- 
priate weatherproof  sign  shall  be  mounted  over  it 
to  indicate  its  function. 

Nitric  acid  shall  always  be  handled  in  wed- 
ventilatsQ  areas  to  keep  excessive  concentrations  of 
fumes  from  accumulating.  If  natural  ventilation  is 
impossible  or  inadequate,  mechanical  ventilation 
should  be  provided.  If  the  locastion  of  the  acid 
storage  site  does  not  allow  venting  the  oxidec  of 
nitrogen  to  the  t.tmorpher,’?,  then  an  efficient  fume- 
scrubbing system  rhall  be  provided. 

An  alarm  and  detection  instrument  should  be 
provided  to  warn  personnel  operating  indoors 
when  the  concenitation  of  nitrogen  dioxide  in  the 
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air  reaches  the  threshold  limit  value.  All  packing 
gland  seals  around  shafts  ori  pumps,  valves,  etc., 
shall  be  protected  by  shields  to  prevent  acid  from 
spraying  on  operators  in  case  of  sea!  failure. 

Because  fuming  nitric  acid  reacts  readily  with 
organic  matter,  good  housekeeping  is  essential.  The 
acid  stoiage  and  transfer  site  shall  be  kept  free  of 
any  materials  other  than  those  recommended  for 
use  with  fuming  nitric  acids. 

Local  requirements  will  determine  the  si£e 
and  number  of  containers  which  can  be  stored  at 
orfe  site.  Approved  1 f. 000-gallon  aluminum  tank 
units  are  most  acceotable  for  permanent  storage; 
acid  deliveries  by  tank  car  wiii  be  approximately 
8,000  gallons,  and  it  is  mendatory  that  sufficient 
space  be  availabie  to  receive  the  shipment.  The 
horizcntal  type  tank  Is  acceptable  for  this  service. 

Nitric  fcid  may  bn  shipped  in  86-gallon  alumi- 
num drums  with  a single  bung  ope.ning  on  the  side, 
but  other  containeis  of  convenient  size  are  dso 
used.  If  proper  precau*ions  are  taken,  drums  may 
be  used  for  storing  acid.  The  drums  should  be 
stored,  with  the  bur^g  side  up,  on  a concrete  base 
with  a shed-type  roof  provided  to  protect  them 
from  the  direct  rays  of  the  sun. 

Nitric  acid  may  be  transported  and  stored  in 
sprKialiy  constructed  semitrailers  or  trucks  of 
various  types  and  capacities.  These  units  shell  have 
transfer  equipment,  vents  and  pressure-relief 
devices,  and  instrumentation.  The  trucks  should  be 
equipped  with  a water  system  for  safety  showers. 

The  proposed  storage  site  should  be  reason- 
ably level.  Since  one  1 1 ,000-gallcn  tenk  ruli  o\  acid 
weighs  approximately  ?6  tons,  soli  chareteristics 
mu;::t  be  considered  to  ensure  proper  footings  for 
the  storage  installation  Nitric  acid  should  be 
stored  according  to  LQu  quantity-distance  require- 
ments and  the  requirements  of  the  user. 

The  design  of  run  tankage  will  be  similar  to 
that  of  main  storage.  The  -equirements  for  tanks, 
access  roads,  building  construction,  drainage,  elec- 
trical equipment,  and  quar.tity-distence  separation 
are  given  herein. 

Use  a written  operating  procedure  with  a 
check  list.  Use  care  when  connecting  or  disconnect- 


ing transfer  lines  to  avoid  body  contact.  Immedi- 
ately flush  smail  spills  with  hand  lines  (small  hosep^. 
At  all  times,  the  valve  for  the  small  hose  shall  be 
cracked  and  a small  flow  of  watar  visible  upon 
casual  observation  by  the  operators  of  the  transfer 
equipment. 

A fire  hose  station  shai!  ,bc  nearby  for  con- 
trolling gross  spillage  and/or  in  case  of  catastrophic 
tank  failure. 

3.S.2.2  Nitrogen  Tetroxide  and 
Mixed  Oxides  of  Nitrogen 

The  important  factors  to  be  considered  in  site 
selection  for  main  and  ready  storage  are: 

a.  Quantity  of  nitrogen  tetroxide  or  mixed 
oxides  of  nitrogen  to  be  stored 

b.  Type  of  container 

c.  Distance  to  nearest  inhabiteri  areas 

d.  intralins  distance  to  other  propellant 
storage  areas. 

A complete  drainage  system,  with  gravity 
flow  to  a disposal  pit  or  emergency  sump,  shall  be 
provided  at  each  storage  ond  transfer  facility. 

At  least  two  access  roads  to  transfer  and 
storage  sites  shall  be  provided.  P.oads  should  be 
wide  eriough  to  give  adequate  space  for  turning. 
Paveot  nt  in  the  vicinity  of  potential  spills  should 
be  concrete. 

In  Iho  main  and  .'^eady  storage  areas,  each  la.nk, 
or  group  of  tanks,  shail  be  on  concrete  pads  vyhich 
drain  to  the  disposal  area,  and  are  surrounded  by 
a concrete  dike  high  enough  to  contain  110  percent 
of  the  storage  capacity. 

Loral  usoi  requirements  wil!  determine  the 
size  and  number  of  storage  vessels. 

AM  tanks,  containers,  and  handling  areas  shall 
be  senarared  with  due  regard  to  the  minimum  sa.^e 
distance  established  by  the  Department  of  Defense 
regulations.  The  total  TNT  equivalents  must  be 
used  if  tvhe  facility  design  does  not  mclude  positive 
messures  to  prevent  mixing  ot  propatlants  and 
oxidizers. 

All  buildings  for  storage  or  transfer  shall  b®  of 
fireproof  construct'on.  They  should  bo  the  open- 
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side  type  v/ith  steel  framework  and  sloped  roofs  of 
corrugated  asbestos  or  aluminum.  Because  thsy  re 
fleet  the  sun  better,  aluminum  roofs  are  preferred. 
Shade,  ventilation  and  weather  protection  should 
be  provided  by  the  buildings. 

All  eloci.'ical  lines,  wires  and  equipment  shall 
be  installed  with  duo  regard  for  the  oxidizing  and 
corrosive  properties  of  and  mixed  oxides  of 
nitrogen  in  the  presence  of  moisture. 

If  natural  ventilation  is  impossible  or  inade- 
quate, all  Stonge  and  transfer  structures  shall  be 
equippiid  with  mechanical  ventilating  systems. 

The  normal  safety  p.''eaiutions  applicable  to 
handling  any  toxic  material  should  be  strictly 
observed.  Storage,  transfer  and  test  areas  must  be 
kept  neat  and  free  from  combustibles  and  must  he 
frequently  inspected.  In  general,  the  precautions 
taken  in  handling  liquid  and  mixed  oxides  of 
nitrogen  art  very  similar  to  those  fc  fuming  nitric 
acid  (paragraph  3,3.2. 1). 


A detection  and  alarm  instrument  (sea  Sec- 
tion 4.2.W.2)  should  be  provided  to  warn  personnel 
operating  indoors  when  the  concentration  of  N2O4 
(NOj  is  the  agent  detected}  or  mixed  oxides  of 
nitrogen  (NO  is  the  agent  detected)  in  the  ak 
reaches  the  thresitoid  limit  value.  If  the  location  of 
the  storage  site  does  not  allow  the  oxides  of  nitru- 
gen  to  be  vented  to  the  at.mosphere,  an  efficient 
furrie-scrubbing  system  shall  ba  provided.  All  tanks 
shall  be  provided  with  a vapor  pressure-relief  valve 
of  adequate  size  set  at  a safe  working  pressure 
which  will  be  determined  by  the  design  of  the  tank. 

Ali  packing  gland  seals  abound  shafts  on 
pun»p.s,  valves,  etc.,  should  be  protected  by  shields 
to  prevent  the  product  from  spraying  or»  operators 
in  case  of  failure. 


Adequate  water  shall  be  provided  for  flushing, 
showers  and  eye  baths.  An  adequate  water  supply 
must  be  available  for  flushing  or  decontamination 
of  lea.ks  or  spills. 

The  11,000-gallon  aluminum  tank  units  are 
most  acceptable  for  perma^ient  storage  of  M2O4, 
since  tank  cars  will  deliver  approximately  8,(X)0  to 
‘lO.OxlO  gallons  of  W The  horizomal-typo  tank 
isacceptable  for  this  service.  Cylinders  of  and 
mixer?  oxides  of  nitrogen  shall  be  stored  in  facilities 
constructed  in  accordance  w'th  this  Section.  There 
siiali  be  provision  for  handling  the  larger  cylinder's 
of  N2O4  mechanically. 

When  the  tanks  are  so  located  that  it  is  irnpos- 
riible  to  vent  to  the  atmosphere,  vent  fines  of  ade- 
quate size  shall  be  provided  on  the  downstream 
side  of  the  pressure-relief  equipment,  discharging 
into  a fume-scrubbing  system.  Venting  of  tanks  to 
the  atmosphere  should  ue  done  tnrough  u steel  vertt 
stack,  located  away  from  the  working  area  and  dis- 
charging at  least  60  feet  above  the  highest  opera- 
ting level. 

Tho  design  of  run  tankage  will  be  similar  to 
that  of  main  storage.  The  requirements  for  tanks, 
access  roads,  building  construction,  drainage, 
electrical  equipment,  and  quantity-distance  separa- 
tion are  given  harem. 

Use  a written  operating  procedure  with  a 
check  list.  Use  care  when  connecting  or  discon- 
necting transfer  lines  to  avoid  body  contact. 
Immediately  flush  small  spills  with  hand  lines 
(small  hose).  Ar  all  times,  the  valve  for  the  small 
hose  shall  be  ccacked  and  a small  flo'W  of  water 
visible. 

A fire  hose  station  shall  be  nearby  for  oor- 
trolling  gross  spillage  and/or  in  case  of  catastrophic 
tiink  failure. 
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3.4  COMPATIBILITY  OF  MATERIALS 


3.4.1  GENERAL 

3.4.2  MATERIALS  COMPATIBILITY  OF  NITRIC  ACIDS 

3.4.3  MATERIALS  COMPATIBILITY  OF  HIGH  DENSITY  ACIDS 
344  MATERIALS  COMPATIBILITY  OF  NH  ROGEN  TETROKIDE 


3.4£  FLOW  DECAY  PHENOMENA 


3.4  COMPATiBILITY  OF  MATERIALS 


3.4.1  GENERAL 

3.4.1. 2 Introduction 

The  selection  of  Materials  for  u's  in  contact 
with  nitric  acid  and  nitrogen  tetroxide  ox>dizers 
is  determined  both  by  the  effect  of  the  propellant 
on  the  materials,  and  by  the  effect  of  the  material 
on  the  propellant.  Determination  of  the  proper 
materials  ^or  use  with  propellants  is  based  initially 
on  a series  of  materials  compatibility  tests.  The 
tests  may  range  from  an  evaluation  of  a materiel 
sample  under  a set  of  gene*‘al  test  conditions,  to 
the  definition  of  the  specific  limitations  of  various 
assembi.'is  containing  a r umber  of  different 
materials.  The  compatibility  of  materials  with  a 
propellant  is  usually  based  primarily  on  the  mater' 
iai's  corrosio:'.  rate. 

The  effect  of  a propellant  on  materials  has 
been  generally  classified  as  the  materials  compati- 
bility of  the  oropeliant.  Because  compatibiHty  is 
often  a function  or  temperature,  propellant  con- 
tamination, prior  materials  preparatinn  (cleaning, 
passivation,  etc.)  si'rface  area,  th«  material's  physi- 
cal state  (stressed.  unstresi,ed,  welded,  heat  treated, 
etc.),  plus  other  variables,  all  of  these  /actors  must 
be  considered 

3.4.1.;?  Cattficn 

Tfie  user  of  this  Handboo'.  shculd  be  cautionad 
that  the  materials  compatibility  data  presented 
heroin  ;4iould  only  sor>/o  as  a basis  for  selection  of 
materials.  Careful  consideration  should  be  given  to 
the  conditions  of  testing;  the  use  of  the  nieterlai 
under  a differep.t  set  of  conditions  mey  have  an 
entirely  different  effect.  Materials  not  suitable  for 
use  at  high  ten^peretttres  may  be  acceptable  for 
uses  ni  low  tempe'-atures.  Different  fabrication  pro- 
cedures and  possKatiun  techniques  may  result  in 
variation  In  com.o5tibi''ty  classi'lewtion.  Even  diff- 
erent Iota  cf  the  same  parts  fabricated  from  "com- 
patible' materials  by  the  same  manufacturer  using 
the  same  manufacturing  technique  have  revealed 
variations  in  compatibility.  Tnur,  it  must  be 
emphasized  that  any  materliii  must  be  thoroughly 
tested  and  qualified  under  the  cordltiorts  of  itc 
intended  us<*  before  it  is  placed  in  serv'ce. 

3.4.1. 3 Corttant 

This  subsr'^^ion  contains  table*  of  compati- 
bility rf.  Jngs  based  on  the  rating  schemes  thov/n  in 


Section  3.4.1 .4.  Also  included  are  tables  of  compa- 
tibility data  which  were  presented  in  terms  other 
than  tne  standard  ratings, 

The  first  set  of  tables  deals  with  nitric  acid. 

The  next  set  of  tables  conti'in  data  for  high 
density  acid  enu  the  third  set  of  tables  contain  data 
on  the  nitrogen  tetroxide  oxidizers. 

This  subsection  preteuts  reported  compati- 
bility ratings,  and  data  on  corrosion  rates  and 
volume  and  weight  changes  for  metals  anc  non- 
metals.  The  specific  rr  jterials,  temperature  condi- 
tions, test  duration,  and  other  parameters  ire  pre- 
sented in  a scries  of  tables  for  the  various  propellant 
gtt-^upings. 

Compatibility  of  metals  is  usually  reported  in 
te,-ms  of  corrosion  rate  in  mils/year.  Tne  compat,- 
bUity  ratings  presented  art  based  p^!lna^;ly  on 
these  data. 

Some  of  the  tables  present  weight-loss  data. 
Since  it  is  impossible  to  convert  weit;.nt-loss  of 
metal  samph-s  to  corrosion  rates  without  knowledge 
of  the  samp<e  sizes,  no  ratings  are  applied.  The  rat- 
ings for  non-melais  are  based  on  volume  swelling 
and  hardness  changes.  Non-metals  are  included  in 
the  tables,  along  with  tha  metels. 

3.4.1. 4 Compatibility  Rating  Schamas  and  Criteria 

The  compatibility  ciasshication  scheme 
adopted  in  this  Handbook  for  materials  is  based  on 
the  rating  schemes  recommended  by  the  oxidizer 
users  In  their  reports  and  hnodbooks.  The  several 
sourciiis  which  used  similar  rating  schemes  were  in 
essential  agreement  on  the  metals.  There  is  a greater 
degree  of  uncertainty  with  the  non-metals,  v.here 
seme  sources  classified  materials  purely  on  a sub- 
jective or  qualitative  basis,  end  others,  on  a semi- 
quanitative  basis.  The  rating  scheme  to  be  used  is 
shown  Ir.  eacli  table  of  compatibility  data. 

3.4  1.5  Usage  Limitations  and  Spocisi  Provisions 

Tho  oxidizers  vary  widely  in  quantity  of  deta 
available  tor  them.  The  most  extensive  testing  has 
been  performed  cin  nitrogen  tetroxide,  so  this  data 
(Steadily  available  and  is  included  here.  Representa- 
tive data  is  shown  for  nitric  acid  and  HDA.  in  all 
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applications,  the  reader  is  advised  to  test  the  specific 
material  in  tfi*»  specific  oxidizer  with  the  specific 
inhibitor  at  the  highest  design  temperatures  before 
determining  the  suitability  of  any  mateiial.  These 
tables  are  a guide  to  screen  out  unsuitable  mLterials 
and  suggest  potentially  suitable  materials. 

3.4.2  MATERIALS  COMPATIBILITY 
OF  NITRIC  ACID 

The  corrosion  resistance  of  materials  with 
nitric  acids  has  been  investigated  •extensively.  The 
data  compiled  in  Table  3.4-11  are  specifically  for 
red  fuming  nitric  acid  (RFNA)  and  inhibited  red 
fuming  nitric  acid  (IRF-NA). 

When  data  was  found  in  nr, ore  than  one  refer- 
ence, the  earliest  or  most  original  source  is  cited  in 
the  reference  list  (Section  3.B).  In  «ome  cases  the 


earliest  obtainable  source  could  not  be  located.  In 
these  cases,  the  earliest  obtainable  source  was  cited. 

The  data  cited  is  for  Type  III  and  IIIA  nitric 
acid  (6  and  9)  but  is  equally  applicable  to  the 
Tyre  1 1 IB  and  HILS  nitric  acids.  The  Type  1 1 IB  has 
reduced  solids  to  prevent  formation  of  sludges  and 
thelllLSwasa  further  step  to  reduce  the  corrosive 
ness  of  the  oxidizer  by  reducing  the  water  content. 
See  Reference  1 0. 

A materials  compatibility  study  was  performed 
by  the  Naval  Weapons  Center  Liquid  Gun  Program 
for  90%  nitric  acid  (48).  The  tests  that  were  con- 
ducted are  classified  as  screening  tests  and  are 
somewhat  qualitative.  The  composition  of  the 
nitric  acid  used  in  this  study  is  defined  In  Section 
2.1.  Data  obtained  from  the  test  is  shown  in  Table 
3.4-2. 


rAQLE  34-1  COMPATIBILITY  OF  MATERIALS  WITH  RED  FUMINQ  NITRIC  ACID 
AND  INfhBITED  RED  FUMING  NITRIC  ACID  (Ref«r*nc«  11) 


Temperature  Limits  (°F) 

RFNA  (Type  III) 

IRFNA  (Typa  IIIA) 

M«t«rialt 

Class  1 

Class  2 

Olass  3 

Class  4 

aaul 

Clast  2 

Class  3 

Clast  4 

Typ«  301  Stalnitu  Ste«i 

60 

122 

Typ«  302  Stain!*ss  Staal 

80 

126 

130 

212 

130 

160 

Type  303  StainSest  Steal 

130 

130 

160 

Type  304  Stainless  S'^eel 

80 

13C 

IBO 

130 

160 

Type  304  ELC  Stainless  Steal 

6C 

130 

160 

Type  309  Siainlass  Steel 

80 

122 

160 

Type  310  Stainless  Stec> 

SO 

122 

lUO 

Type  31E  Stainless  Steel 

80 

120 

Type  316  ELC  Stainless  Sioel 

80 

Type  316  Stainless  Steal 

30 

180 

Typa  321  Stainless  Stael 

80 

130 

130 

130 

160 

Tvpa  322  Stainlets  Steel 

80 

Type  347  Stainless  Steel 

80 

130 

130 

130 

Typ«413St»inleuStaei 

130 

130 

Type  414  Stainless  Steel 

80 

2EC 

Type  416  Stainless  Steel 
Type  420  Stainless  Steel 

250 

Typa  430  Stainless  Steel 

BO 

130 

160 

130 

Type  440  StalnleK  Stai;i 
Type  446  Stainless  StrsI 

130 

130 

130 

Worthite 

BO 

126 

260 

Carpenter  20 

80 

126 

Aloyoco  20 

80 

125 

Ourimot  20 

80 

12S 

300 

?.77PH  Annealed,  190CF 

130 

130 

1?G 

17-7PH  Hsrdensd 

130 

130 

1P-9DL 

130 

130 

TABLE  3.4-1  (Contlnutd) 
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MIeterials 

Temperature  Limits  (*’F) 

RFNA  (Type  111) 

IRFNA  (TypeillA) 

Claj:  1 

aau2 

Class  3 

Class  4 

Class  1 

Class  2 

Class  3 

Clast  4 

19-9DX 

130 

130 

130 

Mild  Steel 

75 

1020  Steal 

120 

130 

Cast  Iron 

Duriron 

75 

300 

Ni-Resist 

75 

4130 

130 

130 

Aluminum: 

1060 

80 

160 

1100 

80 

150 

130 

2014 

100 

130 

150 

130 

2017 

100 

130 

250 

130 

2024 

80 

150 

250 

130 

3003 

60 

150 

3004 

80 

4043 

80 

160 

5062 

80 

160 

160 

6061 

80 

160 

160 

130 

6063 

80 

160 

160 

7076 

80 

130 

160 

130 

43 

80 

160 

80 

214 

80 

355 

80 

366 

60 

130 

160 

130 

Inconel 

75 

liliumG 

125 

126 

176 

Hastelloy  B 

75 

Hastelloy  C 

76 

75 

300 

A.  Nickel 

130 

75 

130 

Monel 

75 

Invar 

75 

Copper 

All 

Sn  Bronze 

All 

Al  Bronze 

All 

Si  Bronze 

All 

Yellow  Brau 

All 

Red  Brass 

All 

Chromium 

60 

130 

260 

Stellite  No.  1 

80 

250 

Stellite  No.  6 

80 

260 

Hayiies25 

160 

Gold 

80 

250 

300 

Platinum 

300 

300 

Compatibility  Clatsification  (Ref.  11}* 


*The  classification  of  a material  is  based  on  the  lowest  rating 
of  any  ona  of  the  three  properties. 
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Class  1 materials  are  those  which  exhibit  a 
corrosion  rate  of  loss  than  1 mil/yr.  The  material 
does  not  promote  decomposition  and  is  free  from 
impact  sensitivity. 

Class  2 materials  are  similar  to  those  in  Class  1 , 
except  that  the  corrosion  rate  may  be  as  great  as 
5 mils/yr. 

Class  3 material  shows  only  fair  corrosion 
resistance.  Rates  of  attack  may  be  of  the  order  of 


5 to  bO  miis/yr.  The  materials  also  may  cause  a 
moderate  breakdown  of  the  propellant  but  is  not 
shock-sensitive  under  conditions  likely  to  be 
encountered  m service. 


Class  4 materials  chat  are  not  considered 
useable  for  containing  the  propellant  have  corrosion 
rates  greater  than  50  mils/yr,  cause  extensive 
decomposition  of  the  propellant,  cause  spontaneous 
ignition,  or  react  on  impact. 


Clau 

Corrosion  Rasittanca 

Oacompoiition 
of  Propellant 

Shock 

Sensitive 

Rating 

Penetration  Rata, 
mili/yr 

1 

Excellent 

<1 

No 

No 

2 

Good 

<5 

No 

No 

3 

Pair 

5 to  SO 

Some 

No 

4 

Poor 

>50 

Extensive 

Y«s 

TABLE  3.4-2  METAL  STRIP/90%  NITRIC  ACID  STORAGE  TEST  DATA  AT  20  ± 5°C  (48) 


Sample 

No. 

Metal 

Storage  Tima  (days) /Corrosion  (Miit/year) 

Comments 

1 

Nitronic  60  S.S. 

35/0.67 

78/0.56 

124/0.64 

200/0.49 

White  layer  on  metal  surface.  White 
residue  in  HNO3. 

2 

304  S.S. 

35/0.18 

76/0.20 

124/0.19 

200/0.20 

Ultra  clean  surface  on  immersed  section. 
White  residue  in  liquid. 

3 

5052-H  Al 

35/0 

76/0 

124/ <0.1 

200/<0.1 

Whitish  film  on  surface  in  liquid  phase. 

4 

70760  Al 

35/0 

76/0 

124/ <0.1 

200/<0.1 

Whitish  film  on  surface  in  liquid  phase. 

5 

6061  T6AI 

10/0 

51/0 

99/ <0.1 

,175/ <0.1 

Whitish  film  on  surface  in  liquid  phase. 

6 

Ti  Alloy  NA2-7128 

10/31 

Add  turned  deep  yellow.  Large  quantity 
of  white  residue  in  acid. 

7 

17-4  PH  S.S. 

27/0.36 

76/0.27 

161/0.19 

Surface  in  liquid  appeared  duller  than 
original.  White  residue  in  HNO3. 

8 

316S.S. 

27/0.26 

76/0.18 

161/0.18 

Surface  in  liquid  appeared  duller  than 
original.  White  residue  in  HNO3. 

9 

11000AI 

27/0 

76/<0.1 

151/<0.i 

Surface  in  liquid  had  whitish  film. 

10 

Ti  Alloy  6 Al  4V 

27/31 

Large  quantity  of  yellow  residue  in  liquid. 
Metal  surface  turned  dark  gray  and 
appeared  spongy. 
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TASLE  3,4-2  ELASTOMER/90%  NITRIC  ACID  STORAOE  TEST  DATA  AT  26  1 6'C  (48) 


filatcriel 

% Weight  Qain/%  Swell 

22  days 

34  days 

70  dayt 

75  days 

123  days 

259  days 

312.  days 

Haskel  Viton  9009-75 
(0-ring) 

32/19“ 

Parker  Vitrcn  V747-75 
(O-rini;!) 

22/6 

27/8 

42/11 

DuPont  1050 
(strip) 

8/3“ 

13/6 

18/9 

41/19 

DuPont  1061 
(strip) 

4/3“ 

9/4 

14/6 

37/16 

“Nitric  acid  turned  deep  /eliow.  0-ring  became  flabby  and  much  weaker. 

‘‘No  change.  Uirwetted  by  nitric  acid. 

“Wetted  by  nitric  acid.  Surface  of  sample  iiecame  rough  and  leathery  after  several  weeks. 

3.4.3  MATERIALS  COMPATIBILITY 
OF  HIGH  DENSITY  ACIDS 

Bell  Aerospace  Company  (12)  in  conjunction 
with  the  Lockheed  Missiles  and  Space  Company, 
has  developed  a more  energetic  oxidizer  for  the 
AGENA  rocket  engine.  The  new  oxidizer  is  a blend 
of  nitric  acid  and  nitrogen  tetroxide  in  proportions 
chosen  to  assure  optimum  density  impulse.  The 
blend  is  referred  to  as  High  Density  Acid,  or  HDA. 
Because  it  contains  a relatively  large  amount  of 
(ca.  44  wt%)  of  nitrogen  tetroxide,  the  blend 


possesses  unique  properties.  Because  the  blend 
contains  a relatively  large  amount  (ca.  55  wt%)  of 
nitric  acid,  it  is  quite  corrosive  and  requires  special 
care  i.n  selection  of  materials  for  propulsion  system 
components.  Hydrofluoric  acid  is  normally  added 
to  reduce  the  corrosiveness  of  HDA. 


Tables  3.4-3  through  3.4-6  from  reference  (7) 
present  the  results  of  corrosion  tests  performed 
with  HDA  (Type  IV  Nitric  Acid  from  MIL-P-7254F). 


TABLE  34-3  COMPATIBILITY  CLASSIFICATION  OF  .vlATERIALS  WITH  ROCKET  PROPELLANTS 
Th«  classification  of  a material  is  based  on  the  lowest  rating  of  any  of  the  properties. 


Compatibility  Classification  of  Non-Metals 

Clau 

1 

II 

III 

IV 

Volume  Change 
In  Percent 

0 to  -r  26 

•10  to  +26 

■10  to  +25 

<-10  or  >+25 

Durometor  Reading 

± 3 

± 10 

± 10 

<■10  or >+10 

Effect  on 
Propellant 

None 

Slight  Change 

Modorata  Change 

Severe 

Visual 

Examination 

No  Change 

Slight  Change 

Moderate  Char>„8 

Severely  Blistered, 
Cracked  or  Di.ssolvetf 

General  Usage 

Satlsfac.ory, 
General  Use 

. . . 

Satisfactory  for 
Repeated  Short- 
Term-Use 

Satisfactory  for 
Short-Term  Use 

Unsatisfactory 

Compatibility  Classification  of  Matats 

Class 

1 1 

II 

III 

IV 

Rating 

Excellent 

Good 

Fair 

Poor 

Corrosion  Rats 
in  Mila/Year 

<1 

<6 

5 to  60 

>60 

Oacompositlon  of 
Propellant 

No 

— - 

No 

Some 

Extensive 

Shock  Sensitivity 

No 

No 

No 

Yes 
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TABLE  3.44  COMPATIBILITY  OF  VARIOUS  NON-METALS  WITH  HDA 


1 

i 

r 

Chantt^s  in  Add 

Changes  in  Material 

Mitariiil 

Timo 

Tamp 

.p 

Physical 

Appearance 

Composition 

Othtrs 

Physical 

Appearance 

Wt. 

% 

Vol. 

% 

Hardness 

Rating 

£?  Rubber 

1 hour 

70 

None 

- 

- 

Losing  Carbon 

- 

- 

- 

II 

16  Hours 

70 

Discolored 

— 

Slack 

Tacky,  inelastic, 

B 

— 

IV 

Particles 

Deformed 

in 

TeflonTFE 

3 Days 

70 

i None 

-1%N02 

IR  Neg.  for 

Tan 

1.1 

1.0 

-21  ShoreD 

IV 

After  Outgas 

Halocarbon 

Lt.  Ton 

0.3 

0.2 

-18  Units 

IV 

7 Days 

70 

None 

■2%  NO2 

IR  Neg.  for 

Tan 

1.4 

1.5' 

IV 

After  Outgas 

Halocarbon 

Lt.  Tan 

0.5 

0.4 

IV 

3 Days 

100 

None 

-3%  NO2 

IR  Neg.  for 

Tan 

1.4 

1.7 

-22 

IV 

After  Outgas 

Halocarbon 

Lt.  Tan 

0.6 

Q1 

-18 

IV 

Kel-F  5500 

3 Days 

70 

None 

•1%N02 

IR  Neg.  for 

Tan 

0.1 

0.1 

IV 

i 

After  Outgas 

Halocarbon 

Lt.  Tan 

<0.1 

<0.1 

IV 

7 Days 

70 

None 

•2%  NO2 

IR  Neg.  for 

0.1 

<0.1 

20 

IV 

After  Outgas 

Halocarbon 

<0.1 

<0.1 

15 

IV 

3 Days 

100 

None 

-3%  NO2 

IR  Neg,  for 

Tan 

0.1 

0.2 

18 

IV 

After  Outgas 

Halocarbon 

Lt.  Tan 

<0.1 

0.1 

15 

IV 

Ruion  LD 

7 Days 

120 

OK 

— 

0.8  mg. 

Color  Change 

2.9 

mm 

-2 

II 

Particulate 

Red  to 

HI 

/I. 

Grey 

■ 

Rulon  123 

7 Days 

120 

OK 

— 

0.3  mg. 

Surface  Change 

9.0 

6 

Particulate 

Smooth  to 

■ 

/I. 

Rough 

■ 

HH 

Kel-F  81 

120 

OK 

— 

0.1  mg. 

Color  Change 

1.1 

1.5 

-0 

Particulate 

White  to 

/I. 

Amber 

im 
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TABLE  3^-6  COiilPATiBI LITY  OF  VARIOUS  METALS  WITH  HPA 


{ 


r 

Material 

Time 

Tamp 

T 

S/V 
1 In. 

PA  Maui 

CR-mpy 

PA  Acid 

(Days) 

Vep. 

Liq. 

Vap. 

Lit,. 

Reting 

5086 

7 

120 

1.0 

NE* 

NE 

0.1 

0.1 

OK 

1 

W5086 

7 

120 

1.0 

NE 

NE 

<0.1 

0.2 

OK.. 

i 

6454-H32 

7 

120 

1.0 

NE 

NE 

<0.1 

0.1 

Clear 

W5454-H32 

7 

120 

1.0 

NE 

NE 

<0.1 

<0.1 

Clear 

1 

6454^ 

7 

120 

1.0 

NE 

NE 

<0.1 

0.3 

OK 

6061 -T6 

7 

120 

1.0 

Discolored 

NE 

<0.1 

<0.1 

Clear 

1 

W6061 

7 

120 

1.0 

Discolored 

NE 

<0.1 

0.2 

Clear 

1 

Nituff  on  6061 

7 

120 

1.0 

- 

Irridascent 

— 

- 

OK 

11 

C60S1-T6 

7 

120 

1.0 

Anodize 

Anodize 

0.1 

3.6 

Clear 

II 

OK  Except 

OK  Except 

(H2SO4  Anodize) 

(total) 

for  wCP 

for  wCP 

in  Crevice 

in  Crevice 

304L 

NE 

NE 

0.0 

0.5 

1 

Beryllium 

7 

120 

0.4 

- 

CP** 

- 

1.9 

OK 

II 

Hafnium  Oiboride 

7 

120 

1.0 

- 

CP 

- 

59.6 

P 

IV 

Platinum 
Cobalt  Ailvoy 

7 

120 

10.0 

- 

Discolored 

Blue-Black 

0.8 

Clear 

1 

Tantalum 

7 

120 

1.0 

- 

Dissolved 

- 

- 

Clear 

IV 

T unflsten 

2 

120 

1.1 

- 

Etched 

- 

647 

>P 

IV 

Tungsten  Carbide 

7 

120 

1.0 

- 

CP 

- 

1110 

P 

IV 

Cb-1-Zr 

6 

120 

0.8 

- 

Pits  CP 

- 

98.1 

>P 

IV 

SCb-291 

7 

120 

0.6 

- 

Pits  CP 

132 

Cloudy 

IV 

Cb  103/A506 

7 

120 

0.7 

- 

Pits  CP 

- 

72 

Clear 

IV 

SCb  291/R608C 

2 

120 

1.6 

_ 

CP 

- 

773 

>P 

IV 

Carpenter-20 

7 

120 

0.1 

- 

Discolored 

- 

3.4 

Clear 

II 

Nickel 

6 

120 

0,7 

- 

NE 

- 

190 

Discolored 

IV 

Haynes  Star  J 

7 

120 

1.0 

- 

Severe  Etch 

- 

32.6 

Discolored 

III 

Haynes  25 
Bar  Stock 

7 

120 

0.6 

— 

Etched 

- 

3.3 

Discolored 

Haynes  26  Screen 

7 

120 

1.0 

- 

NE 

- 

3.8 

Clear 

II 

C Haynes-25/ 

120 

1.0 

NE 

1.0 

Clear 

II 

304L 

/ 

(total) 

- 

NE 

- 

2.1 

II 

MP  36N 

4 

120 

0.4 

~ 

NE 

5.4 

Clear 

III 

Multimet 

7 

120 

1.0 

- 

CP 

- 

6.2 

>P 

III 

17-7  PH 
Torsion  Tube 

7 

120 

1.0 

- 

wCP 

in  capillary 

- 

4.4 

Clear 

II 

17-7  PH  RH  950 

7 

120 

1.0 

wCP  Etched 

wCP  Etched 

0.7 

to 

Clear 

II 

17-7  PH  RH  1050 

7 

120 

1.0 

wCP  Etched 

wCP  Etched 

0.7 

3.0 

Clear 

II 

A1  on  High- 
Strength  Steel 

7 

120 

0.6 

- 

NE 

- 

0.5 

Clear 

1 
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TA3L£  3.4-6  HDA  COlf^ROSION  JIMHiaiTOR  CO^IPARISONS  (<3) 
Inhibitors  at  0.6-Q.8  wt.% 

7Days,  120''KS/V-1,0  in  ’ 


Material 

Betins  I 

HF 

PFe 

AHP« 

440C 

III 

IV 

AM3S0  - Bellows 

II 

1 

1 

304L  - Condition  A 

1 

1 

1 

304L  - Condition  B 

II 

1 

! 

316  Stainless  Steel 

II 

1 

1 

347  Stainless  Steel 

III 

1 

1 

347  TIG  Welded 

III 

1 

1 

17.7  PH  RH  950 - Torque  Tube 

II 

1 

1 

17.7  PM  RH  1050 

II 

_ 

II 

II 

Armco  21-6-9 

III 

'■  1 

1 

6061  T6  Aluminum 

1 

1 

1 

356  - T6  Aluminum 

11 

II 

It 

Kel-F  81 

II 

II 

II 

• • AMP  “ Ammonium  hoxofluorsphosphate 

3.4.4  MATERIALS  COMPATIBILITY 
OF  NITROGEN  TETROXIDE 

The  compatibility  of  materials  with  the  nitro- 
gen tetroxide  oxidizer  family  has  been  studied 
extensively  because  of  the  many  applications  of 
this  oxidizer  in  the  Aerospace  industry.  The 
compatibility  results  presented  here  were  developed 
for  the  nitrogen  tetroxides  known  as  NTO  (red- 
brown),  MON-1  (green)  and  Minuteman  Grade. 
Some  testing  is  available  on  MON-3  (14  and  15). 
This  was  included  where  available,  in  general, 
mixed  oxides  of  nitrogen,  MON- 10  and  MON-25, 
are  less  corrosive  than  the  NTO/MON-1  series. 
See  section  2.3.2.3  for  a definition  of  the  types 

of  N3O4. 

The  compatibility  of  both  metals  and  non- 
metals  with  N2O4  is  summarized  in  Table  3.4-7 


from  Reference  16  as  determined  by  interpreting 
available  compatibility  information.  Specific  refer- 
ences used  are  listed  in  the  table.  Compatibility  of 
a material  with  N3O4  was  based  primarily  on  the 
criteria  that  the  material  be  essentially  unaffected 
by  N2O4  exposure  (negligible  corrosion  for  metals 
and  negligible  loss  of  physical  properties  for  non- 
metals).  However,  also  taken  into  consideration 
was  the  potential  for  formation  of  clogging  agents 
when  exposed  to  N2O4 . This  was  a prime  consider- 
ation for  iron-based  metals  since  the  data  indicate 
serious  flow  decay  problems  can  occur  with  N2O4/ 
ferric  metal  systems  (see  Section  3.4.5).  In  some 
instances,  two  compatibility  ratings  were  assigned 
to  the  same  material  duo  to  conflicting  data. 
Also,  where  compatibility  vaw  determined  for  a 
specific  form  of  N2O4  or  for  a specific  use  with 
N2O4,  this  is  indicated  in  the  remarks  section  of 
the  table. 
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TABLE  3.4-7  Na04  SUMMARY  COMPATiBJLITY  CHART 


• ” 7 

MiUirUis 

bating 

Rafarencei 

Remarks 

1 

2 

3 

4 

5 

Metals 

1)  Aluminums 

a.  Aluminum  alloys, 

in  genernl 

A, 8 

IS, 20,2 1,22, 23, 24, 25, 23, 

H2O  content  must  be  limited. 

27 

Ratings  based  on  dry  N2O4 
(<0.1%  H2O).  Also  flow  decay 
problems  may  exist.  Use  of  high 
temperatures  (>160T)  is  also  no( 
recommended. 

b.  1100 

A 

18,20,23 

c.  2014 

A 

20.23,24,20.31,32 

d.  2021 

A 

30 

e.  2024 

A 

22,29,32 

f.  2219 

A 

20,23,29,30 

g.  3003 

A 

19,22.32 

h.  5052 

A 

19,22,32 

!.  6061 

A 

A 

19,20,23,29,32 

Conflicting  data 

j.  7075 

A 

19,22,23,29 

k.  356 

l.  Anodized 

A 

19,23,26 

aluminum  illoys 

A,B 

32 

2.1  Steels 

a.  Steels  in  general 

A,B 

20,25,26.28.29,30 

Practically  ail  steels  are  insompa- 

32.33.34,36 

tible  at  high  temperatures  (>200*F). 
Severe  iron  adduct  problems  are 
usually  encountered.  H2O  also  in- 
creases corrosion. 

b.  Stainleu  steel? 

in  general 

A,B 

Earlier  summaries  listed  stainless 
steels  as  compatible.  However,  later 
studies  indicate  doubtful  compati- 
bility due  to  iron  adduct  problem, 
except  as  noted. 

c.  300  series  in 

general 

A,B 

20,25,26,32,34,35 

d.  301  cryoformed 

A.B 

20,25.26,33,34,36 

e.  304 

A.B 

20,26,26,33,34 

f.  316 

A,B 

20,25,26,35 

g.  321 

A,B 

20,25,26,35 

h,  347 

i.  400  series  in 

A.B 

20,25,26,33,35 

general 

A,B 

21,28,32 

j.  410 

A 

28,;30 

k.  41$ 

A 

28 

!.  430 

A 

28,32 

m.440C 

A 

A 

28 

Conflicting  data 

n.  A-28S 

A 

20,33 

o.  AM35Q  or  AM355 

B 

20,25,35 

p.  17-4PH  or  17-7PH 

A 

20 

q.  1018  or  1020  steels 

A.B 

26,29,35 

r.  10-3DL 

A 

28 

s.  Maragittg  steels 

A 

20 

t.  Carpenter  20Cb 

A 

20 

u.  HY-140  steel 

A 

32 

TABLE  ?.4-7  (Cont.) 


Mater^tis 

3)  Titaniums 

a.  Titanium  alloys 
in  general 

b.  6AI-4V 

c.  5AI-2.5Sn 

d.  76A 

e.  65A 

f.  B120VCA 

g.  Pure 

h.  BAMMo 

4)  MiscelUnaout  Metals 

a.  Beryllium 

b.  Columbium 

c.  Tantalum 

d.  Tungsten 
«.  TZM-alloy 

f.  L-605  Cobalt  Alloy 

g.  Nickel  (pure) 

h.  Magnesium  alloys 

i.  Zinc 

J.  Copper 

k.  Brass 

l.  Bronze 

m. TIn 

n.  Inconel 

0.  Pure  Molybdenum 

p.  Hastelloy  alloys 

q.  Kovar  nrretal 
j r.  Pure  lead 

s.  Monel 

t.  Gold 

u.  Platinum 
V.  Silver 

w.  Zirconium 
X.  Pure  iron 
y.  Chromium 

r 

Non-Metals 

1)  Polymeries 

a.  FEP  Teflon 

b.  TFE  Teflon 

c.  Kel  F 

d.  Polyethelene 

e.  Polypropylene 

f.  Nylon 

g.  Mylar 

h.  Saran 

1.  Kynar 

j.  Lexan 

k.  Plexiglas 

l.  isobutylene 
copolymers 

m.  GPR  rubbers 


Rating  

2 i 3 j 4 


A A 


Raferacces 


19,20,21,23,26,36,37, 

31.32 

10,20,23,25,31 

35 

10 

19 
23 

20 

_32 

32 

32 

10.32 
32 
32 
32 
20 

22,28 

10 

19,22 

19 

19 

19 

20.22.32 
28 

20.28.33 
2d 

20 

20,32 

19 

19 

19 

19 

20,25,26,32,35 

32 


19.20.21.38.39 
22,23 

19.20.21.22.38.39 
23,40 

19,21,22,23,38 

19.21.22.23.38 

19.22.38 
19,22,38 
19,22,38 

19.22.38 

19.22.23.38 

19.22.38 
19,22,38 

19.22.38 

19.20.22.23.38 


Remarks 


Some  shock  sensitivity  reported 

All  titanium  alloys  subject  to 
stress  corrosion  in  Mil  Spec.  (NTO) 
N2O4.  Ratings  based  only  on 
NASA  Spec.  N2O4. 


Conflicting  data 


Rated  for  general  use  (no  specific 
application  except  as  noted). 

Teflon  is  highly  permeable.  FEP 
9611  probable,  FEP  120  doubtful. 

Teflon  is  highly  permeable. 


327 


TABLE  3.4-7  |Cont.» 


Matsrialt 

Ratins 

, 

. References 

Remarki 

2 

4 

6 

n.  8iJty<  rubbtjrs 

A 

19,20.22,23,38 

0.  Fluto-rubbers 

A 

19,22,38 

p.  Siticone  rubbers 

A 

19,22,2iJ,38 

q.  Buna  N 

A 

19,22,38 

r.  Neoprene 

A 

19,22,38, 

s.  Natural  rubbers 

A 

19,22,23,38 

t.  F'olyurethanes 

A 

19,22,38 

u.  hulon  (PTFE) 

A 

28 

V.  Fluon-fluorinated 

hydrocarbon 

A 

40 

w.  Carboxy  nitroso 

rubber  (CNR) 

A 

41,42 

) 

2)  Lubricants 

a.  Graphite 

A 

19,22,38 

b.  Fiuorolube 

A 

19,22,38 

c.  Halocarbon  grease 

A 

19,22,38 

d.  Kel-F  grease 

A 

28 

e.  LOX  safe 

A 

19,22,38 

f.  Mulykote  Z 

A 

19,22,38 

3)  Miscellaneous  NofvMetals 

' 

a.  Epon  resins 

A 

19,22,38 

b.  RTV  silicones 

A 

19,22,38 

c.  Polyesters 

A 

19,22,38 

d.  Most  ceramics 

A 

19,22,38 

e.  AI2O3 

A 

28,32 

f.  Beryllium  oxide 

A 

32 

g.  (Darbon 

B 

19,22,38 

h.  Asbestos 

A 

19,22,38 

1 - Compatible 

A - Rating  based  on  data  on  the  specitic  material  with  the  specific  propellant. 

2 - Probable  Compatibility 

B ■ Rating  based  on  data  on  a similar  or  sister  material  with  the  specific 

3 ■ Doubtful  Compatibility 

propellant. 

4 • Incompatible 

C - Rating  based  on  data  on  the  specific  material  but  with  a sister  propellant. 

5 - Unable  to  Rate 

0 - No  specific  data. 

The  Bell  Aerosystems  N2O4  compatibility 
tests  (17)  were  run  to  determine  the  reliability  of 
rocket  propulsion  materials  used  to  store  N2O4 
under  the  influence  of  both  high  temperature  and 
applied  stress.  Two  test  phases  were  conducted: 
the  first  phase  used  Military  Specification  Grade  or 
"brown"  N2O4  while  the  second  phase  was  NO 
inhibited  N2O4  similar  to  NASA  Specification 
Grade  (18)  or  "green"  N204^  In  each  case,  the 
N2O4  wasdry  (H2O  0.1%). 

Only  stainless  steels  were  tested  in  the  initial 
phase.  The  test  specimens  consisted  of  bars  con- 
structed of  various  stainless  steels: 

A286/A286  Welded  with  HasteMoy  W 
A-286  Parent  Metal 


A-286/347  Welded  with  Hastelloy  W 
304L/304L  Meltdown  Weld 
347/304 L Meltdown  Weld 
Cryoformed  301  Stainless  Steel 
A286/347  Meltdown  Weld 

Testing  was  accomplished  by  immersion  in 
160*F  liquid  N2O4  while  stressed  in  bending  to 
25%  of  yield  strength.  The  containers  were  con- 
structed of  300-series  stainless  steel.  After  two 
months  of  testing,  discoloration  and  intergranular 
corrosion  occurred  with  all  of  the  test  bars.  In  parti- 
cular, the  welded  A286  specimens  cracked  in  the 
weld  heat  affected  zones  and  the  Hastelloy  W weld- 
ments suffered  from  severe  intergranular  corrosion. 
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After  four  months  of  testing),  severe  blackening  and 
sludging  (build  up  of  sludge  like  material)  of  the 
specimens  occurred.  Although  the  intergranular 
attack  did  not  deepen,  pcnotrations  became  more 
numerous.  Also,  the  cryoformed  301  samples 
developed  cracks  on  the  tension  side.  Propellant 
analysis  showed  that  the  dissolved  O3  content  had 
decreased  during  testing.  On  the  basis  of  this  fact 
and  the  other  results  obtained,  Bell  came  to  the 
following  conclusions  concerning  storage  of  iVlili- 
tary  Specification  Grade  N3O4  with  stainless  steels. 

1.  MIL-P-26539B  (oxygenated)  nitrogen 
tetroxide  is  not  suitable  for  long  term 
(greater  than  four  months)  storage  in  types 
347  and  A286  stainless  steel  thin  walled 
containers  (0.030-in.  or  less); 

2.  Type  A286  stainless  steel  witii  a nitric- 
hydrofloric  pickled  surface  is  more  suscep- 
tible to  intergranular  corrosive  attack  by 
oxygenated  nitrogen  tetroxide  than  a nitric 
acid  passivated  surface.  This  attack  is  accel- 
erated by  applied  stress  and  can  cause  a 
fracture; 

3.  The  cryoformed  301  stainless  steel  Is  sus- 
ceptible to  sui  face  cracking  in  oxygenated 
N2O4,  when  stressed; 

4.  Hastelioy  W weldments  are  more  susc.^p- 
tible  to  corrosion  in  oxygenated  nitrogen 
tetroxide  than  meltdown  welds. 

For  the  second  phase,  approximately  0,2  to 
0.4%  NO  inhibitor  was  added  to  MIL-P-26&39B 
Specification  N2O4  to  form  a green  N2O4.  The 
test  techniques  and  procedures  wore  identical  to 
those  of  the  earlier  phase  except  that  three  test 
temperatures  (70“F,  126*F,  and  IBO^F)  and  three 
stress  levels  (0%,  40%,  and  90%  of  yield  strength) 
were  used.  Also,  otdy  A286/A28B  (Hastoitoy  W 
weld),  A286/347  (meltdown  weld),  and  347/347 
(meltdown  weld)  specimens  were  used.  After  six 
months  of  testing,  the  specimens  appeared  un- 
affected. 

.^For  the  Rocketdyno  compatibility  tests,  both 
stress^orrosion  and  long  term  storage  were  assessed 
(29).  For  the  stress  corrosion  tests,  tensile  speci- 
mens of  three  metal  alloys  stressed  to  2/3  of  ulti- 
mate strength  were  stored  in  both  brown  and 
inhibited  (or  green)  N2O4  at  ambient  temperatures 
for  up  to  45  days.  The  specimens  were  notched 
cylindiical  tensile  bars  of  2219-T6  aluminum,  347 


stainless  steel  and  250  maraging  steel.  Both  the 
containers  used  to  hold  the  specimens  and  N2O4 
and  the  frames  used  to  stress  the  specimens  were 
constructed  of  the  same  materials  as  the  specimens. 
Prior  to  testing,  ail  th«  specimens  were  consecu- 
tively cleaned  by  degreasing  in  acetone,  vacuum 
annealed  at  1400“F  for  4 hours,  solution  treated  in 
air  at  1743"F  for  one  hour,  and  aged  in  air  at 
1000"F  for  8 hours.  None  of  the  samples  failed 
during  testing.  The  ultimate  strength  of  the  2219-T6 
aluminum  alloy  and  the  250  maraging  steel  de- 
creased as  a result  of  exposure  to  specification 
grade  MIL-P-26539B  N2O4.  There  was  no  change 
in  the  347  stainless  steel  ultimate  strength  with 
either  the  Military  Specification  or  NASA  Specifi- 
cation N2O4  (18). 

For  the  long  term  storage,  small  discs  of  ferric 
and  aluminum  alloys  were  in  nersed  in  both  dry 
(HjO  0.1%)  and  wet  (H^O  0.33%)  MIL-P-26539A 
NjOj  (brown).  The  stainless  steal  alloys  used  con- 
sisted of  304  L,  316,  321,  AM  350  and  440C.  The 
aluminum  alloys  were  6061-T6,  7075-T73, 
TENS-50,  2014-T6,  and  2024.  1018  carbon  steel 
was  also  tested.  Twc  test  temperatures  were 
employed.  For  tests  run  at  ambient  temperature, 
test  duration  was  21  months,  while  for  tests  run  at 
168*F,  test  duration  was  only  one  month.  Prior  to 
testing,  all  test  camples  were  cleaned  with  a soap 
solution,  rinsed  with  water  and  acetone,  and 
weighed.  Test  containers  used  in  the  tests  were 
made  out  of  stainless  steei  for  the  ferric  samples 
and  aluminum  for  the  aluminum  alloy  samples. 
From  the  results,  Rocketdyne  stated  that  304, 
316,  321,  and  AM  350  stainless  steels  and  2014, 
2024,  and  7075  aluminum  seem  to  be  compatible 
with  either  dry  or  wet  Military  Specification  N2O4 
at  ambient  temperature,  while  440C  and  1018 
steel  and  TENS-60  and  6061  aluminum  seem  in- 
compatible. Of  the  materials  tested,  only  7075 
aluminum  appeared  compatible  with  dry  or  wet 
N2O4  at  168®F  since  all  of  the  other  metal  speci- 
mens showed  significant  weight  losses. 

Further  stress  corrosion  testing  was  con- 
ducted by  Boeing  to  determine  the  fracture  tough- 
ness and  flaw  growth  characteristics  of  various 
metal  alloys  in  N2O4  (30).  As-welded  specimens  of 
2219-T851  aluminum,  including  base  rnetal  and 
weldment  steel  were  tested.  Only  the  2021 -T81 
samples  ^owed  very  low  threshold  intensity  of 
10  ksi  */in;  the  corresponding  value  for  the  weld- 


3-29 


WlUfcUlLl  '•  ~^rri-l 


ment'i  was  9 ksi  Vin.  Thase  low  values  Indicated 
to  Boeing  that  2021  aluminum  might  cause  func- 
tion?! problems  if  used  as  a storage  pressure 
vessel  materials. 

As  shown  by  the  stress  corrosion  tests  con- 
ducted by  Bell,  stainless  steels  are  subject  to  stress 
corrosion  in  Military  Specification  N2O4  (33). 
In  the  same  report,  Bell  also  stated  that  titanium 
was  subject  to  stress  corrosion,  in  fact.  Bell  used 
6A1-4V  titanium  sample  bars  to  check  out  their 
test  apparatus.  Three  specimens  were  stressed  to  90 
ksi  (bending  stress)  while  immersed  in  “brown" 
N2O4  at  150“F.  After  135  hours,  all  three  speci- 
mens failed,  thus  verifying  to  Bell  the  quality  of 
their  test  apparatus  for  the  stainless  steel  testing. 
TRW,  in  a report  rating  materials  for  use  with 
N2O4,  also  states  that  titanium  is  incompatible 
with  Military  Specification  or  “brown''  N2O4  due 
to  stress  corrosion,  while  NASA  specification  or 
"green"  N2O4  is  perfectly  compatible  with  tita- 
nium (38).  The  conclusions  were  based  on  N2O4 
handling  experience  as  of  1967. 

In  a program  to  evaluate  the  effects  of  steri- 
lization on  the  materials  and  components  of  a pro- 
pulsion subsystem,  Martin  Marietta  found  titanium 
to  be  the  only  material  compatible  with  N2O4  at 
elevated  temperatures  (20).  Prescreening,  screening, 
and  long  term  storage  tests  were  conducted  with 
dry  (.03%  H3O)  NASA  Specification  N2O4  at 
sterilization  temperatures  (276’F).  In  the  pre- 
screening tests,  samples  of  6061-T6  and  1100-0 
aluminum,  321  and  316  stainless  steel,  6AI4V 
titanium,  pure  nickel,  and  pure  lead  were  exposed 
to  N2O4  at  276*F  for  periods  up  to  120  hours. 
Before  tetiting,  the  samples  were  cleaned  and  passi- 
vated by  immersion  in  HCI  followed  by  immersion 
in  HNO3/HF.  The  test  containers  used  to  hold  the 
samples  and  N2O4  were  fabricated  of  304  stainless 
sceei.  These  testa  Indicated  that  the  ferric  based 
alloys  were  incompatible  with  N2O4  at  276*F. 
Iron  based  adducts  were  formed  on  aii  of  the  ferric 
based  metai  samples  as  well  as  on  the  test  con- 
tainers. The  rate  of  information  of  this  adduct 
appeared  to  be  approximately  linear  with  time  and 
seemed  to  increase  as  the  amount  of  alloying 
agents  increased.  Nickel  and  molybdenum  appear- 
ed to  contribute  to  adduct  formation.  No  residual 
contamination  (adduct)  formed  on  the  aluminum 
and  titanium  samples. 


I 

I 


The  screening  tests  ^po.<ed  metai  strips  to 
276‘F  NASA  Specif icatioj/i  IMjO^  for  periods  of 
3(X)  and  600  hours  in  gla?s  containers.  .All  samples 
were  cleaned  and  passivjited  before  testing  using 
the  same  procedure  employed  for  the  prescreening 
tests.  The  metals  tested  v&ere: 

Stainless  Steel— 304,321,347,  17-4  PH, 

17/-7PH,  Carpenter  20  Cb 
A/286 

Maraging  Steel  j 
Pure  Nickel  / 

Titanium  - Pure^/6AI-4V 
Aluminum- 11/X)-0,  2014-T6,  2219-T8, 
6661-T6 

Hastelloy  C y 
Pure  Lead  j 

I 

The  results^  of  the  300-hr  tests  verified  those 
of  the  precreeening  tests.  Only  the  aluminum 
alloys,  Hastelloy  C,  and  the  titanium  didn't 
corrode.  All  ^he  ferric  alloys  were  attacked  immed- 
iately and  formed  the  tar-like  adduct.  In  the  600-hr 
tests,  only  the  6AI-4V  and  pure  titani'.im  didn't 
corrode.  The  aluminum  alloys  showed  severe 
pitting  and  intergranular  corrosion  and  the  tar-like 
adduct  was  formed  with  the  stainless  steels.  The 
nickel  specimen  was  severely  attacked  and  formed 
a heavy  deposit  of  nickel  nitrate.  The  maraging 
steel  sample  was  the  only  specimen  to  fracture  as 
well  as  corrode  which  indicated  the  occurrence  of 
stress  corrosion.  The  Carpenter  20  Cb  and  Hastel- 
loy C specimens  exhibited  only  minor  corrosion. 

Four  15-in.  diameter  spherical  tanks  con- 
structed of  6AI-4V  titanium  were  used  in  the  long 
term  storage  tests.  A sample  of  Teflon  laminate 
and  a welded  titanium  specimen  were  installed  in 
each  tank.  Prior  to  filling  with  N2O4,  the  tanks, 
were  cleaned  and  passivated  using  the  procedure 
outlined  earlier.  Aftar  filling  to  5%  ullage,  !he 
tanks  were  subjected  to  the  275°F  steriiization 
temperature  and  then  stored  at  ambient  tempera- 
ture for  up  to  one  year.  Three  of  the  tanks  jvere 
opened  for  examination  once  every  four  months. 
The  fourth  tank  was  held  as  a control  specimen. 
During  this  12-month  storage,  no  metal  corrosion 
was  observed. 

Additional  600 hour,  275“F  compatibility  tests 
were  conducted  by  Martin  Marietta  using  metal 


3-3C 


alloys  not  considered  prevscusly  (32).  Some  of  the 
metal  elloys  tested  earlier  were  also  included  with 
protective  coatings  to  evaluate  protection  potential. 
Test  procedures  were  tfie  same  as  those  described 
previously. 

The  test  results  are  summarized  in  Table  3.4-8. 
Bare  2024-T3  aluminum  was  incompatible;  forma- 
tion of  corrosion  products  plus  intergranular  attack 
occurred  with  this  alloy.  Other  alloys  considered  as 
only  marginally  compatible  were:  the  chrome 
plated  321,  the  precipitation  hardened  AMS  5638, 
the  austenitic  21-5-9  stainless  steels,  thcTZM  high 
temperature  alloy,  and  (he  L-605  cobalt  alloy.  The 
stainless  steels  suffered  from  only  light  attack  but 
formed  the  gela'inous  iron  adduct.  TheTZM  alloy 
suffered  from  both  light  surface  attack  and  forma- 
tion of  a smut-like  material  while  the  cobalt  alloy 
only  corroded  slightly  forming  a white,  loosely 
adherent  product.  Nc  adduct  was  formed  with 
either  the  430  stainless  steel  or  the  HY-140  steel 


specimens.  Since  these  alloys  do  not  contain  large 
amounts  of  nickel,  this  led  to  the  feeling  that 
nickel  may  be  a n>ajor  contributor  in  the  forma- 
tion of  the  adduct.  Primary  conclusions  were; 

1.  Anodic  coating  of  aluminum  alloys  can 
ensure  almost  100%  protection  against 
N2O4; 

2.  Commercially  pure  aluminum  cladding  of 
structural  aluminum  alloys  provides  excel- 
lent protection  with  only  a slight  amount 
of  corrosion  products  being  formed.  The 
formation  of  corrcUon  products  was  so 
small  the  material  may  be  classified  as 
compatible; 

3.  Tantallumandcolumbium  were  unaffected 
by  the  propellant; 

4.  Chromium  plating  affords  excellent  pro- 
tection to  stainless  steels  (only  321  stain- 
less steel  was  tested).  This  protection 
could  be  afforded  to  any  metallic  material. 


TABLE  3.4-8  MATERIALS  COMPATIBILITY 
(EXPOSED  TO  N2O4  at  27E*F  POR  600  HOURS)  (32) 


Material 

Results* 

1 , 2014-T6  Aluminum,  Chromic  Acid  Anodized 

C 

2.  2014-T6  Aluminum,  Sulfuric  Acid  Anodized 

C 

3.  6061 -T6  Aluminum,  Chromic  Acid  Anodized 

C 

4.  6061 -T6  Aluminum,  Sulfuric  Acid  Anodized 

C 

5.  2021 ‘T8  Aluminum,  Sulfuric  Acid  Anodized 

C 

6,  6061  Aluminum  Screen,  Chromic  Acid  Anodized 

C 

7.  2024-T3  Aluminum,  Pure  Aluminum  Clad 

C 

8.  2024-T3  Aluminum,  Clad  Stripped 

NC 

9,  430  Stainless  Steel 

C 

10.  321  Stainless  Steel,  Chrome  Plated 

MC 

1 1 . AMS  6538  Stainles.<«  Steel 

MC 

12.  21-6-9  Stainless  Steel 

MC 

13.  HY-140  Steel 

C 

14.  Titanium  5AI-2.5Sn 

c 

16.  Titenlum  8AI-1  Mo 

c 

16.  Beryllium 

c 

17.  Columblum  DP14 

c 

18.  Columblum  CB752 

c 

19.  Tantalum,  Pure 

c 

20.  Tungsten,  Pure 

c 

21 . TZM  Titanium-Zirconium-Molybdanum 

MC 

22.  L-605  Cobait 

MC 

*C -compatible:  MC- marginally  compatible;  NC-not  compatible. 
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DM  1C,  Bell  Aerosystems,  and  TRW  rated 
various  non-metals  for  service  with  N2O4 
(H20<0.2%)  based  on  available  compatibility  data 
for  the  1 96  M 967  time  period  (19,  22  and  38). 
These  reports  are  not  independent  of  one  another 
since  DMIC  referenced  the  Bell  report  and  TRW 
referenced  both  the  DMIC  and  Bell  reports.  In  each 
case,  a non-metal  was  considered  compatible  if  it 
had  a volume  change  of  less  than  25%,  a durometer 
reading  change  of  less  than  i^3,  showed  no  visual 
change,  and  did  not  affect  the  NjO^.  The  ratings 


are  presented  in  Table  3.4-9,  As  can  be  seen,  only 
FEP  Teflon  was  rated  compatible  at  16CTF.  All 
elastomers  were  considered  incompatible  as  well 
as  most  ceramics. 


Thecompatibility  ratings  made  by  Bell,  DMIC, 
and  TRW  (presented  in  Table  3.4-9)  were  deter- 
mined, in  part,  from  compatibility  tests  conducted 
by  both  Martin  Marietta  and  Aerojet-General  as 
part  of  the  Titan  1 1 progs  am. 


TABLE  3.4-9  COMPATiBILtTY  RATING  SUMMARY 
FOR  SELECTED  NON-METALS  WITH  N2O4  (19,  23  anti  38) 


Non-Matal 

Compatible  for  Service  Below 

Incompatible 

160*F 

e6”F 

60*F 

1 ) Plastics 
TFE  Teflon 

X 

FEP  Teflon 

X 

Teflon-Glass 

IB 

9S 

Teflon-Graphite 

mMiH 

■m 

mm 

Teflon->^sbestos 

■MHI 

Sm 

X 

Armalon  7700 

— 

X 

Fluorobestos 

■m 

X 

Fluorogreen 

■mi 

mi 

X 

Kel-F 

X 

Kel-F  300 

■m 

X 

Genetron  GCX-38 

5m 

X 

Genetron  XE-28 

X 

Alcar  191 

X 

Polyethylene 

X 

Polypropylene 

■m 

X 

Irradiated  Raythenen 

m5 

Nylon 

mS 

X 

Mylar 

X 

Saran 

, 1 

Kynar 

X 

Lexan 

X 

Tedlar 

X 

Plexiglas 

iSi 

X 

Teslar  30 

X 

1 sobuty  lene-Copol  ymers 

X 

Polyethylene-tlsobutylene 
Polymer  (Formula  63) 

X 

2)  Elastomers 
EPR  Rubbers 

m 

X 

Butyl  Rubbers 

9iii 

im— 

X 

Fluoro  Rubbers 

1— 

mm 

iHmHi 

X 

Fluoro-Sillcone  Rubbers 

iSB 

■mi 

X 

Cuna  N 

X 

Neoprene 

X 

Natural  Rubber 

X 

Polyurethane 

X 

TABLE  3.4-9  (Cont.) 


Non-Matal 

Compatible  for  Service  Below 

Incompatible 

leoT 

86*F 

60*F 

3)  Lubricants 
XC  160 

X 

Molykote  Z 

X 

Mircroseal  100-1 

X 

LOX  Safe 

X 

Graphite 

X 

Graphitar 

X 

CCP-72 

X 

Fluorotube  MG6DO 

X 

Fluoroethana  G 

X 

Krytox  240 

X 

Drilube  703 

X 

Eiectrofilm  66-C 

X 

Halocarbon  Grease 

X 

4)  Sealants  and  Potting  Compounds 
Reddy  Lube  100 

X 

Reddy  Lube  200 

X 

Waterglass-Graphite 

X 

Oxylube  Sealant 

X 

Teflon  Tape 

X 

Crystal  M&CF 

X 

4-3 

X 

Proseal  333 

X 

Epon  Resins 

X 

RTV  Silicones 

X 

Polyesters 

X 

5)  Ceramics 
Rock  Flux 

X 

Sauereisen  P-1 

X 

Temporell  1500 

X 

Sauereisen  47 

X 

For  the  Martin  Marietta  tests,  non-metals 
were  tested  with  60"F  N2O4  having  various  H^O 
contents  for  periods  up  to  one  year  (8).  Teflon 
TFE  samples,  tested  in  dry  N2O4,  showed  no  visible 
changes;  close  inspection  revealed  up  to  a 0.73% 
increase  in  elongation,  a 2.4%  increase  in  volume, 
and  a 3%  increase  in  weight.  The  addition  of  up  to 
1%  H2O  to  the  N2O4  showed  no  effect  on  the 
TFE  samples.  Teflon  FEP  samples,  after  immersion 
in  dry  N2O4,  showed  a 2.6%  increase  In  elongation, 
a 4%  increase  in  volume,  and  a 5%  increase  in 
weight.  The  addition  of  water  to  the  N2O4  resulted 
in  a 4.8%  volume  increase  of  the  FEP  compared  to 
the  4%  increase  with  dry  N2O4,  Kynar  samples 
were  only  tested  In  dry  N2O4.  They  showed  a 


definite  loss  in  hardness  plus  a 0.24%  increase  in 
elongation.  All  other  common  non-metals  tested 
were  totally  incompatible.  Kel-F  samples  were 
attacked  immediately  and  began  cracking.  All  rub- 
bers (natural,  butyl,  silicone,  and  EPR)  were 
severely  attacked  and  polyethylene  samples  oxi- 
dized immediately  and  turned  brittle. 

For  the  Aerojet  tests,  the  non-metals  were 
immersed  in  dry  N2O4  at  test  temperatures  of 
approximately  75*F  (21).  After  70  days  of  immer- 
sion, a 2 to  3%  volume  increase,  a weight  gain  of 
0.5%,  a hardness  loss  of  20%,  and  11%  increase  in 
elongation,  and  a loss  in  strength  of  11.5%  occurred 
with  TFE  Teflon.  After  20  days,  the  FEP  Teflon 
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showed  a volume  increase  of  1.6%,  a weight  gain 
of  0.4%,  a 38%  loss  in  hardness,  an  increase  in 
elongation  of  2.9%  and  a loss  in  strength  of  20.5%. 
For  both  Tefions,  the  changes  in  physical  properties 
took  place  within  the  first  2 days  of  immersion; 
after  that  time  all  other  changes  were  nearly  2ero 
(the  hardness  loss  of  the  FEP  Teflon  was  an  excep- 
tion which  was  linear  with  time).  Other  non-metals 
tested  were  completely  incompatible.  Kel-F  300 
absorbed  the  N2O4  and  became  plastic;  after  70 
days  of  immersioti,  it  showed  a 6%  volume  increase, 
a 72%  loss  in  strength,  and  a hardness  loss  of  76%. 
Polyethylene  was  tested  only  for  short  times 
(hours),  since  it  oxidized  immediately  and  became 
brittle. 

As  part  of  the  long  term  capability  testing 
conducted  by  JPL  (reported  earlier),  various 
ceramics,  lubricants,  and  plastics  were  immersed  in 
N2O4  at  1 10*F  (28).  The  test  techniques  and  pro- 
cedures for  these  non-metal  tests  were  the  same  as 
those  for  the  JPL  testing  of  metals  in  N2O4. 
Specific  non-metals  tested  wero  a sapphire  ball 
(AI2O3);  Kel-F  grease  coated  on  6061-T6  alumi- 
num, on  6AI-4V  titanium,  and  on  a sapphire  ball; 
and  a polytetrafiuoroethylene  (PTFE)  named 
Rulon  coated  on  the  606‘i-T6,  6AI-4V,  and 
AI2O3  materials.  After  approximately  four  years 
of  immersion,  SFII  analyziKi  the  results.  The  only 
non-metal  analyzed  for  compatibility  with  N2O4 
was  the  AI2O3  bali;  the  Rulon  and  Kel-F  grease 
were  only  evaluated  as  protective  coatings.  AI2O3 
was  completely  compatible  with  N2O4,  while  the 
Rulon  and  Kel-F  grease  were  ineffective  as  pro- 
tective coatings.  The  l^el-F  grease  was  loosened  and 
was  found  as  heavy,  floccule.it  particles  in  the 
N2O4.  The  Rulon  coating  was  remov&d  from  the 
6AI-4V  titanium  and  AI2O3  specimens.  It 
remained  intact  on  the  6061-T6  aluminun,  but  no 
benefit  was  obtained  from  the  coating  since  cor- 
rosion of  the  specimens  occurred. 

Further  data  on  the  compatibility  of  fluori- 
nated  hydrocarbons  with  N2O4  has  recently  been 
reported  by  SRI  (40).  Samples  of  Fluon  GP-1  and 
Teflon  TFE-30  films  were  creased  and  folded  to 
failure  in  air  and  after  20  hours  of  soaking  in  N2O4 . 
For  the  Fluon  GP-1,  an  increase  in  the  cycles  to 
failure  of  3.3%  was  found,  while  for  the  Teflon 
TFE-30,  a decrease  in  the  cycles  to  failure  of  16% 
was  reported.  From  these  results,  SRI  concluded 
that  the  flex  resistance  of  the  Fluon  and  Teflon 


films  are  not  affected  substantially  by  exposure  to 

N2O4. 

From  the  data  presented  so  far.  Teflon  seems 
to  be  about  the  best  non-metal  one  can  use  with 
N2O4.  However,  problems  can  exist  depending  on 
the  application.  TRW  states  that  if  Teflon  is  used 
for  bladder  service  with  N2O4,  the  FEP  Teflon  is 
probably  preferable  since  TFE  has  N2O4  permea- 
bility rates  3 times  those  of  FEP  (38).  This  conclu- 
sion seems  supported  by  tests  run  at  JPL  (43).  In 
24-hr  tests  run  ai:  70°F,  TFE  had  a N2O4  permea- 
bility rate  of  2.4  mg/in^/hr  compared  to  the  FEP 
rate  of  0.66  mg/in^/hr. 

Besides  permeability  problems,  JPL  has  re- 
cently found  stress-cracking  problems  with  bladders 
made  of  Teflon  Laminate  (39).  As  discussed  in 
Chapter  111,  specimens  of  the  standard  Teflon 
laminate  bladder  material  planned  for  the  Mariner 
Mars  1971  spacecraft  were  stretched  to  failure 
while  immersed  in  various  solvents  including  N2O4. 
Both  biaxial  and  uniaxial  tests  were  performed,  it 
was  found  that  the  standard  laminate  was  highly 
sensitive  to  N2O4  stress  cracking.  Because  of  this, 
JPL  also  tested  a codispersion  laminate  to  deter- 
mine sensitivity  to  N2O4.  The  standard  laminate 
consisted  of  a layer  of  TFE  30  Teflon  covered  with 
a layer  of  FEP  120  Teflon.  The  codispersion  lami- 
ncte  consisted  of  a iayer  of  FEP  9511  Teflon 
sandwiched  betv\'een  layers  of  a Teflon  codisper- 
sion of  80%  TFE  and  20%  FEP  951 1 . 

JPL  deduced  the  following  results  ftom  their 
teats: 

"(1)  All  solvents  including  N2O4  significantly 
reduced  the  ultimate  properties  of  the 
standard  laminate,  which  indicates  that 
this  material  is  highly  sensi  tive  to  solvent- 
stress-cracking. 

(2)  Codispersion  laminate  resists  solvent 
stress-cracking. 

(3)  A study  of  the  solvent  sensitivity  of  con- 
struction materials,  FEP  120,  FEP  9511, 
and  TFE  30,  revealed  that  only  FEP  120 
is  sigrJficantly  solvent-sensitive.  This 
material,  not  used  in  codispersion  lami- 
nate is  a major  component  of  standard 
laminate  and  must  therefore  be  labeled  as 
the  dominant  contributor  to  the  solvent 
sensitivity  of  standard  laminate.  This  is 
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further  substantiated  by  the  experimental 
observation  that  surface  crazing,  which 
precedes  the  failure  of  the  standard  lami- 
nate in  solvent,  occurs  in  FEP  120. 

(4)  The  solvent  set;sitivity  of  standard  !ami 
nate  is  revealed  only  during  immersion 
testing,  Removing  the  specimens  from 
the  test  solvent  and  air-drying  them  re- 
sults in  a recovery  of  their  initial  prop- 
erties. 

(5)  Both  codispei  sion  and  standard  laminates 
experience  an  immediate  reduction  in 
ultimate  properties  upon  exposure  to 
solvents,  although  the  effect  is  more 
critical  with  the  standard  larrfinate.  With 
further  exposure,  both  codispersion  and 
standard  laminates  undergo  a recovery  in 
ultimate  properties.  The  codispersion 
laminate  achieves  or  surpasses  iss  initial 
properties,  while  the  standard  laminate, 
even  with  some  recovery,  displays  signifi- 
cantly lowered  properties  as  compared  to 
its  initial  properties 

(6)  Codispersion  laminate  has  superior  flex 
fatigue  properties  as  compared  to  stand' 
ard  laminate. 

(7)  Crystallinity  variation  in  the  Teflon 
material  did  not  affect  the  mechanical 
performance  of  either  standard  or  co- 
dispersion laminete.  It  was  believed  that 
large  increases  in  crystallinity  could  lead 
to  brittle  failure." 

Thiokoi-RMD  attempted  to  develop  a positive 
expulsion  bladder  material  resistant  to  (42), 
This  materia!  consisted  of  a laminate  of  electro- 
formed  gold  and  carboxy  nitresos  rubber  (CNR). 
The  gold  was  added  to  make  the  laminate  as 
impermeable  as  possible,  in  a series  of  compati- 
bility tests,  Thiokol  found  the  gckl/CNR  laminate 
to  be  fairly  resistant  to  N2O4. 

Further  data  on  CNR  with  N;04  was  ob- 
tained by  TRW  in  compounding  studies  to  develop 
polymetric  bladder  materials  (41).  As  a result  of 
these  studies,  TRW  chose  a HYSTL  resin  cured 
TFE  Teflon  reinforced  CNR  compound,  designated 
Compound  238-3,  as  their  prime  candidate.  This 
new  compound  exhibited  resistance  tc  N2O4 
attack  comparable  to  similar  CNR  formulations 
but  had  superior  permeability  characteristics. 


At  high  temperatures,  all  non-metals  are 
apparently  incompatible  with  N2O4.  In  pre-screen- 
ing tests  to  select  a bladder  material  for  a steriH table 
propulsion  system,  Martin  Marietta  immersed  dif- 
ferent non-metals  in  dry  N2O4  (HjO^.OSyo)  at 
temperatures  of  275"  for  periods  up  to  88  hours 
•20).  All  rubbers  (butyl,  EPR,  and  nitroso  rubber) 
either  blistered,  ignited  or  completely  dissolved. 
Both  TFE  and  FEP  Teflon  showed  los.ses  in  strength 
of  about  7%  and  changes  in  elongation  up  to  50%. 
It  was  also  noted  that  the  M2O4  washed  out  par- 
ticles of  Teflon  which  caused  the  N2O4  to  turn 
milky.  Kynar  was  severely  attacked.  Although 
Teflon  did  fare  better  than  the  other  non-metals 
tested,  no  non-metal  was  considered  compatible 
with  N2O4  at  the  high  temperature.  Conversely, 
aluminum  oxide  and  beryllium  oxide  ceramics 
were  immersed  in  dry  N2O4  at  275"F  for  600 
hours  with  no  sign  of  chemical  attack  and  no 
increase  in  weight  (32). 

As  a result  of  the  work  reported  in  Reference 

(8),  it  WAS  concluded  that; 

a.  AF-E-124T  elastomer  is  compatible  with 
dinitrogen  tetroxide  and  has  sufficient 
mechanical  strength  to  provide  reliable 
service  as  a positive  expulsion  bladder  or 
diaphragm.  Following  159-day  storage  in 
propellant,  three tfiousand  expulsion  cycles 
ware  demonstrated  with  negliyiblo  elasto- 
mer degradation, 

b.  AF-E-124T  can  be  used  successfully  as  a 
seal  for  dinitrogen  tetroxide  (and  as 
demonstrated  previously  for  fuels)  using 
special  designs  which  take  into  considera- 
tion the  material's  creep  under  compres 
sive  stress. 

The  objectives  of  a test  program  in  References 
(14  and  15)  were  to  define  the  effect  of  MON-1 
nitrogen  tetroxide  exposure  on  candidate  propel- 
lant acquisition  system  materials  for  the  propellant 
tankage  of  the  Space  Shuttle  Aft  Propulsion  Sub- 
system (APS),  to  define  the  effect  of  MON-3  nitro- 
gen tetro.'dde  exposure  on  the  candidate  materials; 
and,  to  evaluate  techniques  for  repairing  acquisition 
screen  materials  that  had  devleoped  leaks, 

One  of  the  screen  test  specimens  which  was 
exposed  to  MON-1  and  later  exposed  to  MON-3 
was  used  tu  evaluv^te  the  compatibility  and  struc- 
tural integrity  of  different  materials  proposed  for 
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use  to  repair  leaks  that  could  develop  in  the  acquisi- 
tion system  screens. 

The  results  of  the  test  conducted  v;ith  MON-1 
showed  that  there  was  no  degradation  in  screen 
bubble  point  during  90  additional  days  of  exposure 
to  MON-1;  that  materials  of  construction  of  test 
specimens  wore  compatible  with  MON-1;  and,  tfiat 
Teflon  S-100  compound  is  not  an  acceptable 
material  for  repair  of  screen  leaks. 

The  results  of  the  test  conducted  with  MON-3 
showed  that  all  materials  tested  were  compatible 
with  MON-3;  that  two  of  the  three  screen  speci- 
mens had  no  degradation  in  bubble  point  during 
180  days  exposure  to  MON-3;  that  screen  speci- 
mens bubble  point  with  MON-3  is  the  same  as 
MON-1;  and,  that  both  Teflon  and  Teflon  S 700 
compounds  are  acceptable  materials  for  repairing 
of  screen  leaks. 


TRW  Systems  performed  corrosion  testing 
using  engineering  materials  at  elevated  tempera- 
tures with  impure  N2O4  for  NASA  (38),  It  was  the 
intent  of  the  NASA  program  to  enhance  corrosion, 
not  suppress  it,  for  purposes  of  determining  the 
effect  of  corrosion  products  on  contaminating  the 
N2O4.  However,  this  information  and  test  data 
generated  is  valuable,  since  it  represents  the  only 
known  matrix  testing  done  showing  the  effects  of 
impurities  in  the  propellant  on  corrosion.  The 
work  also  included  a different  rating  analysis  on 
reporting  corrosion  not  generally  used  by  investi- 
gators. The  test  specimens  were  unstressed  samples 
of  6061 -T6  Aluminum,  347  Stainless  Stool  and 
Ti-GAI  AV  Alloy  subjected  to  one  and  four  month 
durations  at  165°F.  The  specimens  measured 
ncminal  0,025”  thickness  x 3/4"  x 4”  long  and 
were  placed  in  glass  capsules  containing  the  N2O4 
and  sealed.  The  impurities  individually  added  to 
the  N2O4  are  listed  as  follows: 


Added  impurity 

Pre-Storage  Concentration,  % (wt) 

Chlorine  (CI2) 

Water  (HjO) 

Oxygen  (Oj) 

Nitrosyl  Chloride  (NOCI) 

Nitrosyl  Chloride  + Oj  (NOCi  + O2) 

0.10 

0.91 

0.04 

0.U25 

0.054  NOCI  -t  0.050  0^ 

Martin  Marietta  Corporation  (44)  is  conduct- 
ing tests  to  demonstrate  the  feasibility  of  using 
Sn96Ag4  solder  (96%  tin,  4%  silver)  to  repair 
screen  leaks  in  the  Shuttle  RCS  tank.  These  repairs 
have  successfully  passed  all  compatibility  tests  and 
are  serviceable  for  long  term  exposure  to  MON-3 
on  Shuttle. 


The  effects  of  the  selected  impurities  in  the  cor- 
rosivity of  N2O4,  showed  no  significant  increase  in 
dissolved  metal  content  with  time.  Of  ail  the  im- 
purities, water  resulted  in  the  greatest  increase  in 
corrosivity.  Tables  3.4-10,  3.4-11,  and  3.4-12, 
present  a visual  description  of  t!  ■=■  appearances  of 
the  ono  and  four  month  Specirr,  mS  for  aluminum, 
stainless  steel,  and  titanium. 
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3.4.5  FLOW  DECAY  PHENOMENA 

The  phenomenon  of  flow  decay  is  defined  in 
reference  (45)  as  a spontaneous  decrease  in  the 
flow  rate  through  a constant  flow  system.  Flow 
decay  in  a nitrogen  tetroxide  system  Is  a function 
of  the  in  situ  formation  of  solid  or  gei-like  materials 
that  can  obstruct  the  flow  through  valves,  filters, 
orifices,  or  any  other  flow  element  witn  a con- 
striction of  small  size.  There  are  several  ferric  nitrate 
derivatives  which  can  be  deposited  to  produce  flow 
decay,  such  as  nitrosyl  tetranitratoferrate, 
N0Fe(N3)4,  and  partially  hydrated  or  Irydrolyzed 
ferric  nitrates,  FE(N03i3.„(0H)n.  x HjO.  These 
materials  are  soluble  in  nitrogen  tetroxide  at  levels 
of  the  order  of  a few  parts  per  million  (as  iron}. 
While  there  are  many  factors  which  can  influence 
the  corrosion  processses  that  produce  these  com- 
pounds in  solution,  the  extensive  exposure  of  all 
nitrogen  tetroxide  to  iron  during  the  manufactur- 
ing and  shipping  processes  can  be  expected  to  form 
these  materials  in  approximatdy  equilibrium 
amounts. 

The  phenomenon  of  flow  decay  has  been 
experienced,  identified  and  studied  for  the  past 
ten  years.  A number  of  basic  investigations  have 
been  conducted  under  government  and  industry 
funding.  Foremost  among  these  are  Rocketdyno's, 
Boeing's,  and  University  of  Nottingham's  studies 
for  the  Air  Force  Rocket  Propulsion  Laborairry 
(AFRPL)  (e.g.,  references  45, 46  and  47).  Valuable 
insights  were  gained  in  these  studies,  which  eluci- 
dated the  physicochemical  nature  of  the  phenome- 
non!  

Flow  decay  is  a very  complex  phenomenon. 
There  are  many  independent  variables  that  affect 
the  incidence  and  amount  of  flow  decay.  The 
effects  of  these  parameters  are  generally  not  simple 
or  independent  of  each  other;  they  exhibit  many 
interactions.  In  addition,  there  are  often  threshold 
effects  for  flow  decay  (i,e„  an  Identifiable  boun- 
dary between  a range  of  variables  for  which  no 
flow  decay  occurs  and  a range  for  which  flow 
decay  occurs  in  varying  amounts).  These  thresholds 
are  not  sharp,  and  further  depend  upon  the  inter- 
actions of  the  independent  variables. 

A nuntber  of  major  effects  of  parameters  on 
flow  decay  are  outlined  in  reference  (45),  and  are 
lisu  here.  The  reader  should  keep  in  mind  the 
complex  nature  of  flow  decay,  and  that  these  are 


only  intended  to  be  interim  conclusions.  Extreme 
caution  must  be  taken  in  extrapolating  effects  and 
trends  to  different  flow  situations  and  conditions. 

increasing  the  filter  pore  size  has  a significant 
effect  in  preventing  or  reducing  flow  decay.  It 
appears  that  flow  decay  will  not  occur,  under  the 
conditions  tested  during  this  program,  with  filters 
with  nominal  pore  size  et  least  as  large  as  40 
microns.  There  are  a few  tests  that  might  appear  to 
be  excaptions  to  this  generalization,  however,  the/ 
are  judged  to  be  outliers.  Decreasing  the  filter  pore 
size,  below  its  threshold,  increase.?  the  rate  of  flow 
decay. 

Keeping  the  temperature  drop  (from  the  ini- 
tial propellent  temperature)  as  small  as  possible  is 
another  important  factor  in  preventing  or  mini- 
mizing flow  decay.  However,  some  cases  of  flow 
decay  were  observed  with  no  temperature  drop. 
There  is  often  a non-zero  temperature  drop  thres- 
hold below  which  no  flow  decay  occurs.  The 
amount  or  rate  of  flow  decay  increases  as  the 
temperature  drop  is  increased  above  its  threshold 
value.  In  some  ranges  of  conditions,  there  is 
approximately  a linear  relationship  between  the 
rate  of  fiow  decay  and  the  temperature  drop. 

Decreasing  the  local  velocity  thiuugh  the 
screen  decreases  the  amount  of  flow  decay,  at  least 
over  the  range  tested  during  this  program.  The 
actual  velocity-related  parameter  considered  was 
Q/A,  for  which  the  range  of  values  was  about  0.7 
— tO-4.7  gal/min-sq  in.  There  appear  to  be  strong 
interactiorts  between  Q/A  and  many  of  the  other 
independent  variables.  Use  of  a filter  Reynolds 
Number  was  not  particularly  aovantageous  in  the 
data  correlation  efforts 

Comparisons  between  green  and  red-brown 
NjO^  were  not  without  complications.  There 
appeared  to  be  a number  of  sizable  differences  in 
the  effects  of  other  variables  between  the  two  types 
of  propellant,  especially  in  the  effects  of  Q/A, 
initial  temperature,  and  the  history  parameter  V. 
However,  direct  comparisons  between  sets  of  test 
data  for  matched  conditions  (i.e.,  sets  for  which 
the  only  difference  in  the  nine  basic  independent 
varlobles  considered  was  between  green  or  red- 
brown  N2O4)  indicate  that  the  green  N2O4  tested 
exhibited  somewhat  lower  rates  of  flow  decay  than 
did  the  red-brown  N2O4  tested. 


Rapid  temperature  drops  (during  flow)  seem 
to  cause  somewhat  more  flow  decay  than  occurs 
with  the  same  temperature  drop  imposed  slowly 
over  a period  of  approximately  two  days. 

The  effect  of  initial  temperature  was  less  con- 
sistent between  differing  types  of  when  the 
propellants  were  dooed  with  iron  peritacarbonvl  to 
ensure  saturation.  With  green  N2O4,  increasing  T,, 
increased  flow  decay,  while  fi'ie  opposite  trend  was 
observed  with  red-brown  N2O4. 

There  was  some  aifference  between  the 
amount  of  flow  decay  for  the  as-received  propel- 
lants and  for  the  propellants  doped  with  a small 
amount  (one  saturation  dose)  of  iron  pentacarbonyl 
to  ensure  iron  saturation.  The  differences  seem  to 


be  regular  and  more  a matter  of  degree  than  sub- 
stantive differences  in  type  of  flow  decay  behavior. 
Therefore,  the  data  for  doped  N2O4  represent 
slightly  conservative  results  as  applied  to  the 
particular  nitrogen  tefcroxide  propellants  that  were 
used  in  the  testing. 

The  current  status  of  nitrogen  totroxide  flow 
decay  investigationr.  i?  that  it  cannot  be  predicted 
witn  confidence  when  or  if  any  flow  decay  will 
occur.  However,  the  most  basic  common  theme 
with  all  decay  phenomena  is  the  presence  of  small 
dimen.jions  in  critical  elements  of  the  flow  system. 
Filtering  or  distilleiion  is  an  effective  means  for 
temporary  removal  of  ferric  nitrate  snd  chemical 
additives  show  promise  of  relieving  the  flow  decay 
problem.  A complete  list  of  references  on  this  sub- 
ject is  also  included  in  Section  3.5. 
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4.1  INTRODUCTION 


Ihe  purpose  of  the  Safety  Section  of  this 
Handbook  is  to  present  and  evaluate  information 
concerning  hazard  characteristics  of  the  nitric 
acid/nitrogen  tetroxide  oxidizers,  together  with 
procedures  and  equipment  employed  for  their  safe 
handling. 

The  reader  should  be  made  aware  that  this 
section  of  the  Handbook  is  not  a Safety  Manual, 
and  it  must  not  be  nmpioyed  as  such.  Regulations 
concerning  the  safe  handling,  storage,  transporta- 
tion, and  disposal  of  hazardous  materials  are 
promulgated  by  Federal,  State,  and  local  agencies 
charged  with  responsibility  for  public  health  and 
safety,  and  sucl.  regulations  take  precedence  over 
any  conclusions  or  recommendations  stated  or 
implied  in  this  Handbook.  Specific  reference  to 
these  Regulations  is  made  in  the  Handbook  where 


known;  however,  no  claim  is  made  for  complete- 
ness. Interested  users  are  urged  to  contact  their 
own  State  and  Local  regulatory  agencies  for  com- 
plete information  on  safety  regulations  applying 
to  them. 

The  reader  is  further  cautioned  that,  while 
every  reasonable  effort  has  been  made  to  assure 
the  information  given  in  this  section  is  accurate, 
the  authors  and  Martin  Marietta  Corporation  make 
no  warranty  nor  do  they  assume  legt'l  responsi- 
bility for  its  correctness. 

In  order  to  improve  clarity  and  reduce 
duplication,  the  following  safety  sections  are  classi- 
fied first  according  to  type  of  hazard  (toxicity, 
fire,  explosion).  Under  each  hazard  category,  the 
primary  oxidizers  are  described. 


y 

( 


4.2  TOXICITY 


4.2.1  GENERAL  INTRODUCTION 

The  oxidizers  considered  in  this  Handbook 
are  all  classified  as  toxic  substances  and  may  cause 
death  or  permanent  injury  after  very  short  expo- 
sure to  small  quantities.  Tests  to  determine  lethal 
doses  and  concentration-time  combinations  have 
been  conducted  on  several  types  of  animals,  the 
latest  being  the  dog.  Experience  with  human  expo- 
sure is  very  limited;  however,  exposure  limits  have 
been  established. 

This  section  is  divided  into  three  subsections 
to  provide  a separate  discussion  of  the  hazards  and 
exposure  limits,  the  preventive  measures,  and  first 
aid,  respectively. 

The  oxidizers  will  be  discussed  as  two  families; 
one  which  is  nitric  acid  and  high  density  acid,  and 
the  other  is  nitrogen  tetroxide  and  mixed  oxides  of 
nitrogen.  All  of  these  oxidizers  have  a common 
vapor  component  which  is  nitrogen  dioxide. 

Exposures  are  expressed  as  concentration  and 
exposure  duration  for  exposure  to  vapors  in  the  air. 
The  concentration  of  vapors  in  air  is  expressed  in 
terms  of  parts  of  vapor  per  million  parts  of  air 
(PPM)  and  in  milligrams  per  cubic  meter. 

4.2.2  ha;?:ards  and  exposure  limits 

4.2.2. 1 Nitric  Acid  and  High  Density  Acid 

Red  Fuming  Nitric  Acid  (RFNA)  is  a yellow 
to  red-brown,  clear,  strongly  fuming,  very  corrosive 
liquid  which  evolves  toxic  nitric  acid  vapor  and 
yellowish-red  vapors  o'i  nitrogen  oxides. 

RFNA,  in  contact  with  any  surfaces  of  the 
body  (skin,  mucous  membranes,  eyes),  destroys 
tissue  by  direct  action.  It  stains  the  skin  and  tissue 
yellow  or  yellowish  brown.  More  than  instan 
ianeous  contact  will  result  in  a chemical  burn. 
RFNA  vapors  highly  irritating  and  toxic  to  the 
respiratory  tract.  Immediately  after  exposure  to 
dangerous  concentrations,  there  mi-yy  be  coughing, 
increased  respiratory  rate,  asthmatic-type  bre"thing, 
nausea,  vomiting,  and  marked  fatigue.  A fatal 
pulmonary  edema  may  develop. 

RFN.A  CO rttami nates  the  surrounding  atmos- 
phere with  nitric  acid  vapor,  nitric  oxide,  and 
nitrogen  dioxide  (or  its  dimer  nitrogen  tetroxide). 


Consequently,  a threshold  limit  value  for  RFNA 
has  not  been  established.  However,  the  atmos- 
pheric threshold  limit  values  (1  and  2)  for  its  more 
toxic  components  are  as  follows: 

Nitric  acid  vapor.  2 ppm  (5mg/m^) 

Nitrogen  dioxide*  5 ppm  (9mg/m^) 

4.2.2.2  Nitrogen  Tetroxide  and  Mixed  Oxides 
of  Nitrogen 

N2O4  in  liquid  form  destroys  body  tissues.  It 
volatilizes  readily,  giving  off  yellowish  to  reddish- 
brown  vapors  containing  a mixture  of  N2O4  and 
N02-  Most  discussions  of  the  toxicity  of  these 
vapors  identify  the  mixture  as  one  or  the  other 
compound;  likewise,  calculations  of  atmospheric 
concentrations  are  normally  made  in  terms  of  one 
compound  or  the  other.  In  this  chapter  the  same 
practice  will  be  followed;  it  should  be  kept  In  mind, 
however,  that  the  two  oxides  exist  together  in 
equilibrium. 

Dr.  Tomas  of  the  Aerospace  Medical  Division 
of  WADD  has  indicated  in  Reference  2 that,  at 
vapor  concentrations  of  100  ppm  or  lower,  NjO^ 
does  not  exist  for  purposes  of  practical  measure- 
ment, but  the  vanors  are  primarily  NO2.  Even  at 
concentrations  as  nigh  as  10,000  pprn,  only  about 
0.1%  is  N2O4  at  room  temperature  and  one  atmos- 
phere. Thus,  as  mentior7od  in  the  section  on 
Detection  Devices  later  in  this  handbook,  instru- 
ments that  arc  sensitive  to  NO2  vapors  are  de- 
sirable. 

Because  N2O4  liquid  is  corrosive,  seve.*-e  burns 
of  the  skin  and  eyes  can  result  unless  it  is  immedi- 
ately removed  and  first  aid  is  obtained.  The  inhala- 
tion of  toxic  vapors  is  normally  the  most  serious 
hazard  of  handling  N2O4.  The  color  of  the  vapors 
is  not  a reliable  index  of  degree  of  toxic  hazard. 
The  initial  symptoms  of  poisoning— irritation  of 
the  eyes  and  throat,  cough,  tightness  of  the  chest, 
and  nausea— are  slight  and  may  not  be  noticed. 
Then,  hours  afterward,  severe  symptoms  begin; 
theii  onset  may  be  sudden  and  precipitated  by 
exertion.  Coughing,  a feeling  of  constriction  in 
the  chest,  and  difficult  breathing  are  typical. 

*N4tional  Inttituta  of  Occupational  Safety  and  Health 
(NIOSH)  It,  recommendinfl  a coiling  concentration  of 
1 ppm  (1.8  mg/m3), 
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Cyanosis  (a  blue  tinge  to  the  mucous  membranes 
of  the  mouth,  eyelids,  lips  and  fingernail  beds)  may 
follow.  Persons  with  such  symptoms  are  in  great 
danger.  Milder  cases  may  show  signs  of  bronchitis 
with  cyanosis,  and  others  may  yomit  and  suffer 
nausea  and  abdominal  pa!:i. 

The  establislied  threshold  limit  value  (also 
ceiling  value)  of  NOj  vapors  is  5 ppm  (9  mg/m^)  as 
recommended  by  the  American  Conference  of 
Industrial  Hygenists  and  2.6  ppm  (9  mg/m^)  for 
N2O4  vapors.  This  limit  is  based  on  an  eight-hour, 
five-day  work  week.  In  the  case  of  mixed  oxides  of 
nitrogen,  nitric  oxide  is  also  present  and  may  be 
detected.  The  TLV  for  NO  is  25  ppm  (30  mg/m^) 
but  the  more  toxic  NOj  is  usually  the  agent  to  be 
detected.  See  Reference  1 and  2. 

4.2.3  PREVENTIVE  MEASURES 

4.2.3.1  Nitric  Acid  and  High  Density  Acid 
Safety  Measures 

The  following  safety  precautions  have  been 
recommended  in  Reference  1 . 

Safety  Measures.  All  operations  involving  the 
handling  of  the  nitric  acids  shall  be  performed  by 
two  persons.  There  shall  be  trained  supervision  for 
cll  potentially  hazardous  activities.  An  individual 
properly  equipped  should  be  stationed  outside  the 
work  area.  Operations  shall  be  performed  using 
written  procedures. 

Education  of  Personnel.  The  principal  hazards 
for  which  personnel  should  be  informed  are; 

a.  Hazards 

b.  Relevant  symptoms 

c.  Emergency  procedures 

0.  Precautions 

e.  Respiratory  protection 

Safety  Clothing.  The  hands  and  feet  are  always 
subject  to  contamination  during  handling  of  liquid 
propellants  or  propellants  equipment.  Gloves  and 
boots  that  do  not  let  nitric  arid  through  to  the  skin 
must  always  be  w'orn.  The  gloves  used  should  pro- 
tect against  nitric  acid  and  at  the  Scimo  time  allow 
free  movement  of  the  fingers.  A vinyl-coated  glove 
meets  these  requirements.  Since  boots  of  approved 
protective  construction  materials  are  not  com 
merciaSly  available,  an  overboot,  designed  to  be 
worn  over  regular  safety  footwear  and  high  enough 
to  fit  comfortably  under  the  protective  trousers,  is 


used.  Soots  made  of  natural  or  reclaimed  rubber  or 
GR-S  may  be  used  with  reasonable  safety  if  any 
contamination  is  washed  off  quickly.  Rubber 
sometimes  burns  in  contact  with  these  chemicals. 
They  must  be  frequently  inspected  to  detect  Haws 
that  might  result  in  personal  injury. 

Protective  body  clothing,  acid-  and  fuel-resis- 
tant vinyl  coated  protective  suit  or  polyethylene 
clothing,  should  be  worn.  Fiberglass  clothing, 
impregnated  with  acid-resisting  plastic,  such  as 
Teflon  TFE  and  Kel-F-81,  Halon  TFE,  or  equiva- 
lent, is  excellent  for  protecting  handlers  of  nitric 
acid.  The  clothing  must  cover  all  parts  of  the  body; 
it  must  be  adjusted  so  it  will  prevent  body  contami- 
nation and  keep  leaked  or  spilled  liquid  acid  from 
draining  into  boots  or  gloves.  A hood  of  approved 
type  must  be  worn  to  protect  the  head.  Any  pro- 
tective clothing  materials  should  be  proven  compa- 
tible before  procurement. 

Respiratory  Protection.  Whenever  men  are 
exposed  for  prolonged  periods  to  nitrogen  dioxide 
(released  from  fuming  nitric  acid)  at  concentrations 
greater  than  the  threshold  limit  value,  NiOSH* 
approved  respiratory  protection  equipment  shall  be 
worn.  NIOSH  approved  self-contained  breathing 
apparatus  will  give  the  most  reliable  respiratory 
protection  against  gases  or  mists  from  fuming  nitric 
acid.  The  canister-type  gas  mask  is  not  recom- 
mended as  respiratory  protection  against  concentra 
tions  of  nitrogen  oxides  above  1250  ppm.  Military 
protective  masks  are  discussed  in  References  4, 
5,  and  6. 

Other  Safety  Equipment.  Safety  showers  and 
eyewashes  should  be  provided  in  the  immediatt 
vicinity  of  nitric  acid  handlers  during  transfer 
operation.  In  all  cases  a commercial  type  hose 
connected  to  a water  line  should  be  "cracked  open" 
SO  thst  casual  observation  may  indicate  water  is 
available.  Enclosed  spaces  shall  have  entry  equip- 
ment, i.e.,  harnesses  and  life  lines. 

4.2.3.2  Nitrogon  Tetroxide  and  Mixed  Oxides 
of  Nitrogen  Safety  Measures 

The  following  safety  procedures  have  been 
recommended  in  References  1 and  3. 

Safety  Measures.  Aii  operations  involving  the 
handling  cf  N2O4  and  mixed  oxides  of  nitrogen 
shall  be  performed  by  two  persons.  There  shall  be 
"National  Instituto  of  Occupational  Safaty  & Health. 
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trained  supervision  for  all  potentially  hazardous 
activitios.  An  individual  properly  equipped  to  enter 
3 confined  contaminated  area  should  be  stationed 
outside  the  work  area.  Confined  spaces  must  be 
ventilated  to  prevent  accumulation  of  vapors. 
Mechanical  exhaust  ventilation  should  also  be 
supplied.  An  adequate  water  supply  must  be  avail- 
able for  firefighting  and  decontamination.  Opera- 
tions should  be  performed  by  using  written  proce- 
dures. 

Education  of  Personnel.  Because  and 

mixed  oxides  of  nitrogen  are  oxidizers  (approxi- 
mately 70  percent  oxygen),  their  mixture  with 
rocket  fuels  create  an  explosion  hazard.  The  fol- 
lowing subjects  should  be  thoroughly  explained  to 
all  persons  working  with  the  storage,  handling  and 
transfer  of  or  mixed  oxides  of  nitrogen; 

a.  Nature  and  properties  of  N2O4  and  mixed 
oxides  of  nitrogen  in  both  the  liquid  and 
vapor  states,  with  emphasis  on  its  high 
toxicity  and  relatively  high  volatility,  in- 
cluding symptoms 

b.  Compatible  construction  materials 

c.  Proper  equipment  and  its  operation 

d.  Use  and  care  of  personal  protective  equip- 
ment and  clothing 

e.  Safety  measures,  self  aid  and  first  aid  in- 
structions (self  aid  is  intended  for  use 
when  first  aid  or  medical  treatment  is  not 
immei/'ately  available) 

f . Loca  .ions  of  safety  showers  and  eyewashes, 
emergency  telephone,  safety  and  rescue 
equipmerit,  firefighting  devices,  neutrali- 
zing and  decontamination  .agents,  and 
safety  areas 

g.  Emergency  procedures  to  be  used  in  case 
of  spills 

h.  Hazards  to  be  expected 

Personnel  Protection.  The  principal  personal 
hazards  associated  with  the  handling  of  and 
mixed  oxides  of  nitrogen  are  as  follows: 

a.  Inhalation  of  the  vapors 

b.  Exposure  of  the  skin  to  the  liquid  or  high 
vapor  concentration 

c.  Splashing  of  N2O4  or  mixed  oxides  of 
nitrogen  into  the  eyes 

Sa  ety  Clothing. 

Hand  and  Foot  Protection,  '''rring  the  hand- 
ling of  these  oxidizers,  the  hands  and  feet  are  sub- 


ject to  contamination.  Gloves  and  boots  that  do  not 
let  N2O4  or  mixed  oxides  of  nitrogen  through  to 
the  skin  must  be  worn.  The  gloves  should  protect 
against  N2O4  and  allow  free  movement  of  the 
fingers,  A vinyl-coated  glove  (7)  meets  these  re- 
quirements. Because  boots  of  the  approved 
materials  are  not  commercially  available,  an  over- 
boot, designed  to  be  worn  over  regular  safety 
footwear  and  high  enough  to  fit  comfortably  under 
protective  trousers,  must  be  used.  Boots  made  of 
polyethylene,  polyvinyl  chloride  rubber  or  GR-S 
may  be  used  with  reasonable  safety  if  any  contami- 
nation is  washed  off  quickly.  The  boots  should  be 
inspected  frequently  to  detect  flaws  that  might 
result  in  personal  injury. 

Head,  Face  and  Body  Protection.  Suitable 
body-protective-clothing  (acid-  and  fuel-resistant, 
vinyl  coated  protective  suit)  should  be  worn. 
Polyethylene  clothing  may  also  be  worn.  Fiberglass 
clothing  impregnated  with  acid-resisting  plastics, 
such  as  polytetrafluoroethylene  (TFE)  and  poly- 
monochlorotrifluoroethylene,  is  excellent  for 
handling  N2O4  and  mixed  oxides  of  nitrogen.  Ru- 
ber may  burn  when  it  comes  into  contact  with 
N2O4  or  mixed  oxides  of  nitrogen.  The  clothing 
must  cover  all  parts  of  the  body  that  may  be 
exposed.  It  must  be  adjusted  so  it  will  prevent 
leaks  or  spills  from  contaminating  the  body  or 
draining  into  boots  or  gloves.  An  approved  type  of 
hood  must  be  worn  to  protect  the  head. 

Respiratory  Protection.  Whenever  the  concen- 
tration of  oxides  of  nitrogen  fumes  exceed  the 
threshold  limit  value,  approved  respiratory  protec- 
tion shall  be  worn,  approved  supplied  air,  self- 
contained  breathing  apparatus  gives  the  most 
reliable  respiratory  protection  agamst  gases  or 
mists  of  nitrogen  tetroxide.  The  canister  type  mask 
is  not  recommended  for  respiratory  protection 
against  nitrogen  oxides.  Breathing  equipment  shall 
be  NIOSH  approved. 

Other  Safety  Equipment.  Work  areas  and 
storage  rooms  shall  be  provided  with  the  equipment 
listed  below,  properly  located  for  immediate  use  in 
an  emergency. 

a.  Deluge  safety  showers  which  are  easily 
accessible,  clearly  marked,  and  controlled 
by  quick  opening  valves  so  N2O4  or  mixed 
oxides  of  nitrogen  can  ouickly  be  rinsed 
from  the  body  if  spillage  occurs. 

b.  Fire  blankets  located  near  the  showers 
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c.  Eyewashes  or  bubbler  dririking  fountains, 
so  eyes  can  be  thoroughly  irrigated  with- 
out delay 

d.  Rescue  harnesses  and  life  lines  for  those 
entering  a tank  or  enclosed  space 

e.  A facility  near  the  area  for  the  proper 
storage,  repair  and  decontamination  of 
approved  protective  clothing  and  pro- 
tective equipment 

f.  An  adequate  water  supply  for  decontami- 
nation purposes 

g.  Portable  or  permanently  installed  life  sup- 
port detection  equipment. 

Several  types  of  direct  reading  colorimetric 
indicators  can  be  used  for  rapid  determination  of 
atmospheric  concentrations  of  NO2  or  NO.  Exam- 
ples of  these  portable  instruments  are; 

Kitagawa  Precision  Gas  Detector,  UNICO  Model 

400  or  equivalent 

M-S-A  Universal,  Tester  Model  1,  or  equivalent 
The  instruments  should  be  installed  or  kept  readily 
available. 

4.2.4  FIRST  AID 

4.2.4.1  Nitric  Acid  and  High  Density  Acid 

The  following  first  aid  procedures  are  recom- 
mended for  the  nitric  acids. 

First  Aid  and  Self  Aid.  Inhalation  of  the  gases 
and  vapor  evolving  from  RFNA  can  produce  severe 
respirato.'y  irritation  which  may  prove  fatal. 
Exposed  individuals  should  be  kept  at  rest  and 
placed  under  the  care  of  a physician. 

Skin  contamination  should  be  washed  off 
immediately  and  thoroughly  with  large  quantities 
of  cool  fresh  water  for  at  least  15  minutes  or  with 
copious  amounts  of  saturated  bicarbonate  of  soda 
solution,  whichever  can  be  reached  first.  Early 
medical  attention  is  necessary  where  damage  to  the 
skin  or  deeper  tissues  has  occurred. 

If  the  eyes  are  contaminated,  they  should  be 
h^ld  open,  if  necessary,  and  flushed  with  copious 
amounts  of  water  for  at  least  15  minutes  or  until  a 
physician  arrives.  Medical  treatment  should  be 
obtained  as  soon  as  possible. 

If  nitric  acid  is  swallowed,  liberal  amounts  of 
lukewarm  water  should  be  administered.  If  the  acid 


is  concentrated,  it  is  usually  unwise  to  induce 
vomiting  because  of  the  danger  of  rupturing  the 
esophagus  and  stomach.  Medical  treatment  should 
be  obtained  as  soon  as  possible. 

Individuals  should  be  taught  to  self-administer 
the  measures  outlined  above.  The  importance  of 
speed  in  flushing  the  acid  off  the  skin  with  water, 
especially  from  the  eyes,  and  the  need  to  continue 
the  flushing  process  for  at  least  15  minutes  should 
be  emphasized. 

Special  Medical  Information  (5,  8 and  9). 
Exposure  to  dangerous  atmospheric  concentrations 
of  the  oxides  of  nitrogen  may  cause  spasm  of  the 
terminal  bronchioles  and  disturbance  of  reflexes 
causing  respiration.  Circulatory  collapse  may  ensue, 
or  the  symtoms  may  subside  and  reappear  several 
hours  later  with  the  onset  of  pulmonary  edema. 
Complete  rest  from  the  moment  of  exposure  is 
essential  even  if  the  initial  symptoms  are  not 
particularly  alarming.  The  individual  should  be 
hospitalized  promptly.  Certain  signs  indicating  that 
severe  lung  damage  has  occurred  may  appear 
within  the  first  few  hours.  These  are  an  increase  in 
platelets  in  the  venous  blood,  often  as  great  as  60 
to  100  percent,  a decrease  jTt  blood  pressure,  and 
an  increase  in  the  hemoglobin  content  ov  the  blood. 
Spasmodic  cough  and  dyspnea  appearing  several 
hours  after  exposure  are  evidence  of  the  develop- 
ment of  pulmonary  edema.  Bronchopneumonia 
may  be  a complication. 

4.2.4.2  Nitrogen  Tetroxide  and  Mixed 
Oxides  of  Nitrogen 

The  following  first  aid  procedures  are  recom- 
mended for  these  oxidizers. 

First  Aid  and  Self  Aid.  If  liquid  N2O4  is 
spilled  on  skin  or  in  the  eyes,  it  must  be  removed 
immediately  to  avert  serious  injury.  If  the  liquid  is 
splashed  into  the  eyes,  immediately  flush  them 
with  large  amounts  of  water  for  at  least  15  minutes, 
with  a companion  holding  the  eyes  open  if  neces- 
sary. Summon  medical  assistance.  Skin  contamina- 
tion should  be  immediately  and  thoroughly  washed 
off  with  large  amounts  of  water  and  the  injury 
should  be  checked  by  a physician. 

Persons  exposed  to  N2O4  vapors  should  be 
removed  at  once  from  the  contaminated  area. 
When  the  vapors  can  be  seen,  smelled  or  sensed  by 
the  eyos  or  throat,  there  may  be  imminent  danger. 
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Persons  exposed  to  the  vapors  should  be  carried 
and  not  allowed  to  walk;  other  exertion  should 
also  be  discouraged.  It  is  difficult  to  tell  soon  after 
expo?sure  how  much  physical  damage  has  occurred. 
Despite  their  protestations  of  well-being,  persons 
so  exposed  should  be  removed  to  a hospital.  Abso- 
lute rest  is  essential;  patients  should  be  kept  warm 
but  not  overheated.  Administration  of  oxygen  by 
properly  trained  persons  is  often  desirable.  Apply 
artificial  respiration  whenever  breathing  stops. 

Special  Medical  Information.  (See  References 
6,  8,  and  9).  The  development  of  pulmonary 
edema  is  the  principal  danger  associated  with  the 
inhalation  of  N2O4  vapor.  A person  may  breath  an 
atmosphere  containing  a dangerous  concentration 
of  N2O4  vapor  without  serious  discomfort  at  the 
time,  only  to  suffer  severe  effects  several  hours 
later.  Detailed  therapeutic  regimen  is  desenbed  in 
Reference  10. 

Repeated  exposure  to  low  level  concentrations 
of  N2O4  vapors  may  cause  ulceration  of  the  nose 
and  mouth,  wearing  down  and  decay  of  teeth  and 
chronic  irritation  of  the  entire  respiratory  tract. 
Bronchitis,  bronchiectasis,  and  secondary  pul- 
monary edema  may  develop. 

4.2.5  DETECTION  Of-  FUMES 

Although  a number  of  devices  have  been  pro 
posed  from  time  to  time  for  the  detection  of  fumes 
of  nitric  acid  and  nitrogen  tetroxide  and  for  the 
monitoring  of  personnel  exposure,  none  of  these 
devices  has  experienced  general  acceptance  in  the 
rocket  or  chemical  industry.  Reliance  is  thus 
placed  on  the  sense  of  smell.  It  should  be  of  some 
concern  to  those  responsible  for  health  and  safety 
to  note  that  the  odor  threshold  is  an  order  of 
magnitude  higher  than  the  recommended  TLV  for 
an  8-hour  day  exposure.  Further,  vapors  are  known 
to  cause  olfactory  fatigue;  thus,  the  detection  of 
fumes  by  odor  can  ba  used  only  as  an  initial  warn- 
ing of  potential  danger.  Area  fume-monitoring 
devices  are  described  in  section  4.2.7. 

4.2.6  LEAK  DETECTION 

There  is  no  chemical  reagent  currently  avail- 
able for  the  specific  detection  of  nitric  acid  or 
nitrogen  tetroxide  or  its  residues  in  very  small 
quantities  (11).  Until  one  becomes  available,  the 
detection  of  nitric  acid  by  means  of  a pH-indicat- 
ing  paper  must  be  relied  upon.  Nitric  acid  (and 


nitrous  acid)  is  produced  when  nitrogen  tetroxide 
is  diluted  with  water,  as  follows: 

N2O4  H2O ► HNO3  + HNOj 

Hyd.hon  paper  is  also  used  for  this  purpose,  except 
that  pH  values  are  less  than  7 in  solutions  of  nitric 
acid.  This  paper  is  capable  of  reliably  measuring 
acidity  produced  by  nitrogen  tetroxide  concentra- 
tionfi  as  low  as  3 x 1 0 ° % (0.03  ppm) . 

Although  this  is  not  a specific  test,  it  is  50 
times  more  sensitive  than  colorimetric  spot  tests 
that  are  specific.  The  specific  tests  also  have  the 
disadvantage  of  requiring  the  use  of  concentrated 
sulphuric  acid  as  a solvent  for  the  reagents.  This 
makes  the  test  unusable  with  samples  in  water  solu- 
tions and  on  filter  paper.  For  detecting  acidity 
caused  by  N.2O4  the  i-lydrion  paper  is  used  in  the 
same  manner  as  it  is  used  to  detect  alkalinity 
caused  by  hydrazine  and  UDMH.  The  color  chart 
supplied  with  the  paper  is  consulted  to  determine 
the  color  corresponding  to  the  lowest  level  of  de- 
tectable acidity. 

Currently  there  are  two  development  efforts, 
associated  with  the  Space  Shuttle,  which  may 
produce  acceptable  hardware  to  monitor  oxidizer 
leakage  occurrence.  These  are  the  NASA/KSC 
effort,  RTOP-909-60-09-Task  63,  and  the  Brooks 
AFB  effort  initiated  February  12,  1976. 

4.2.7  AREA  MONITORING 

There  are  several  instrumerits  available  specifi- 
cally for  detecting  the  presence  of  oxides  of 
nitrogen  in  the  air.  The  Kitagawa  Company  manu- 
factures a portable  detector  for  air  sampling.  A dry 
reagent  turns  yellowish  brown  at  NO.2  concentra- 
tio:is  of  approximately  2.5  ppm.  This  instrument 
is  dUtributed  by  the  Union  Industrial  Equipment 
Corporation,  Port  Chester,  New  York  (1).  Kruger 
Instrument  Company  and  American  Systems 
Incorporated  (11)  manufacture  a recording  device 
for  detecting  oxides  of  nitrogen  m the  order 
of  1 ppm. 

Another  portable  device,  manufactured  by 
Brothers  Chemical  Company  of  Orange,  New 
Jersey,  is  being  used  by  Aerojet  with  success.  This 
device  uses  a precision  volumetric  pump  for  air 
sampling.  A color  change  imparted  to  detector 
tubes  indicates  the  presence  of  oxides  of  nitrogen 
in  the  range  of  0.1  to  500  ppm. 
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American  Systems,  Incorporated  manufac- 
tures portable  and  fixed  devices  for  detecting  NO^. 
An  electrical  current  is  developed  by  a sensing  cell 
when  NOj  is  absorbed  by  a solution.  This  current 
is  proportional  the  quantity  of  NO2  absorbed. 
The  instruments  can  sense  NOj  concentrations 
over  the  range  of  0 to  250  ppm. 

The  General  Electric  Vapor  Detector  is  a fixed 
unit  sensitive  to  NO^  over  the  range  of  0 to  100 
ppm.  This  unit  is  no  longer  manufactured. 

A unit  manufactured  by  Teiedyne  Systems, 
Olfactron  Foxie  Propellant  Vapor  Detector- 
Model  6110(12),  was  used  by  Apollo  for  detecting 
the  presence  of  oxides  of  nitrogen  in  air. 

4.2.8  DOSIMETERS 

A prototype  decimeter  has  been  developed 
and  tested  by  the  Bureau  of  Mines,  U.  S.  Department 
of  the  Interior  fo:  oxides  of  nitrogen. 


4.3  F'RE  AND  EXPLOSJON  HAZARDS 


4.3.1  GENERAL 

All  of  the  oxidizers  covered  in  this  Handbook 
by  themselves  will  not  burn.  The  fumes  liberated 
support  combuction.  The  type  of  fire  that  may 
occur  is  governed  by  the  combustible  material  or 
fuel  involved.  These  oxidzers  are  stable  to  mechani- 
cal shock  and  impact. 

A list  of  the  tests  conducted  to  evaluate  the 
hazard  potential  of  liquid  rocket  propellants  is 
given  in  Table  4.3  1 from  Reference  13. 


TABLE  4 J-1  LIST  OF  SAFETY  TESTS  USED  TO 
DETERMINE  FIRE  AND  EXPLOSION  HAZARDS 


TEST 

USED  TO  DETERMINE 

Drop  Weik,'ht  "est 

Whether  propellant  detonates.  How 
much  energy  required. 

Card  Gap  Tei.1 

Whethe-  propellant  detonates.  How 
much  energy  required. 

Modified 
Card  Gap 

Detonation  velocity.  Energy  required 
to  initiate. 

1/4  in.  Tube 
Detonation 

Whether  detonation  propagates. 
Distance  of  propagation. 

Wedge  Test  and 
Other  Critical 
Diameter  Tests 

Detonation  velocity. 
Critical  diameters. 

Trauzl 
Block  Test 

Energy  released  by  detonation. 
Whether  propellant  detonates. 

Thermal 
Stability  Test 

Decomposition  Temperature  Limits. 

Pan  Burning  Test 

Intensity  and  Duration  of  fires. 
Extinguishment  and  control. 

Open  Cup  Test 

Ease  of  ignition  ot  vaprors  in  air. 

Flammability 
Limit  Test 

Limits  of  fia*'nnability  of  vapor  in 
air. 

Spontaneous 
Ignition  Test 

Temperature  of 
spontaneous  ignition. 

Gross  Spill  Test 
(bipropellants) 

TNT  Equivalent  explosion  hazard. 

Specific  information  concerning  each  of  the 
oxidizerf  follows. 


4.3.2  FIRE  HAZARDS 

4.3.2. 1 Nitric  Acid  and  High  Density  Acid 

Nitric  acids  by  themselves  will  not  burn.  The 
fumes  liberated  by  the  acids  support  combustion. 
The  type  of  fire  that  may  occur  in  the  presence  of 
nitric  acid  is  governed  by  the  combustible  material 


or  fuel  involved.  Acid  spills  may  ignite  materials 
such  as  wood  or  rope,  and  the  fire  will  be  typical 
of  the  materials  burning.  Aniline  and  other  hyper- 
goiic  fuels  quickly  ignite  on  contact  with  acid. 
Both  hypergolic  and  nonhypergolic  fuels,  once 
ignited,  undergo  flare  burning  in  contact  with  the 
acids.  The  intensity  of  this  type  of  fire  depends 
upon  the  rate  at  which  the  fuel  and  acid  mix;  if 
large  quantities  of  fuel  and  acid  are  mixed  rapidly, 
there  may  be  a violent  reaction. 

4,3.2.2  Nitrogen  Tetroxide  and  Mixed 
Oxides  of  Nitrogen 

N2O4  and  mixed  oxides  of  nitrogen  are 
normally  stored  and  handled  as  liquids  without 
refrigeration.  Liquid  N2O4  and  mixed  oxides  of 
nitrogen  will  not  burn;  however,  they  will  support 
combustion. 

The  oxygen  content  of  N2O4  is  about  70  per- 
cent by  weight.  When  mixed  with  a fuel,  it  readily 
supports  combustion.  N2O4  is  hypergolic  with  a 
number  of  fuels,  including  UDMH,  hydrazine, 
aniline  and  furfuryl  alcohol.  Mixed  oxides  of 
nitrogen  are  less  hypergolic  with  increasing  concen- 
trat.ons  of  NO. 

Table  4.3-2  contains  the  observed  results  of 
/arious  materials  after  exposure  to  N2O4  drippings 
at  room  temperature  in  air;  certain  materials  were 
soaked  in  N2O4  for  20  seconds  (14).  In  both  in- 
stances, after  exposure  to  N2O4,  the  materials 
were  allowed  to  gas  off  in  air  for  a minimum  time 
of  one  hour.  Of  all  the  materials  tested,  only  50/50 
fuel  blend,  aniline,  four  commercially  available 
rubber  gloves,  and  masking  tape  ignited  spontan- 
eously. Methyl  and  isopropyl  alcohol,  acetone,  and 
benzene  caused  temperature  rises,  but  no  ignitinn. 

Similar  tests  are  recommer''^''-'  ■-  rail  materials 
where  information  is  lacking  on  the  fire  hazard 
potential  of  the  material  when  used  in  areas 
where  N2O4  spills  may  occur. 

4.3.3  EXPLOSION  HAZARDS 

4.3.3.1  Nitric  Acid  and  High  Density  Acid 

Although  nitric  acid  is  stable  to  mechanical 
shock  and  impact,  upon  contact  with  certain  fuels 
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(such  as  aniline  or  furfuryl  alcohol)  it  will  react 
violently,  Nitric  acid  will  form  explosive  mixtures 
with  nonhypergolic  fuels  (such  as  hydrocarbons) 
and  with  hypergolic  fuels  if  either  the  fuels  or  the 
nitric  acid  are  not  diluted  with  an  excess  of  water. 
In  rare  instances,  as  on  gross  contact  with  certain 


materials  (e.g.  H.^)  and  when  spontaneous  ignition 
is  delayed  because  of  degraded  materials,  an  explo- 
sion may  occur.  High  temperatures  in  confined 
spaces  may  cause  containers  or  other  equipment  to 
.upture  from  pressure  build-up. 


TABLE  43  2 FIRE  HAZARD  TESTS  OF  VARIOUS  MATERIAL‘S  EXPOSED  TO  N2O4 


MATERIAL 

OBSERVATIONS 

Liquids 

Acatonn 

No  ignition,  acetone  turned  green,  80*F  rise  when  N2O4  added 
below  surface 

Aniline 

Ignition  preceded  by  popping  and  sparking 

Benzene 

No  ignition,  5"F  rise  when  N2O4  added  below  surface 

50/50  Fuel  Blend 

Immediate  audible  report  with  ignition 

Isopropvi  Alcohol 

No  ignition  even  when  heated  to  120°F  prior  to  dripping  N2O4, 
60°F  rise  when  N2O4  added  below  and  on  surface 

Kel-F  Fluorocarbon  Oil  ^ 

No  ignition 

Methyl  Alcohol 

No  ignition,  5°F  rise  when  N2O4  added  below  surface 

Motor  Oil  (SAE10) 

No  ignition,  slight  foaming 

Penetrating  Oil 

No  ignition,  discolored 

Red  Hydraulic  Oil  (MIL-H-5606A) 

No  ignition,  darkened 

Silicone  Oil  SF77 

No  ignition 

Trichlorethylene 

No  Ignition 

TABLE  4.3-2  (Continued) 


MATERIAL 


OBSERVATIONS 


SOAK 


Blotter 


Cadmium  (mossy) 


Cardboard 


No  ignition 


Dacron  Yarn 


Fairprene  Cloth 
(Neoprene  0.01  inch  thick) 


Grass  (dry) 


Leather 


Leaves 


Magnesium  (turnings) 


Mohair 


Molykote  G 


Mylar 


Nylon  Cloth 


Nylon  Yarn 


Orion  Yarn 


Paper 


Rags  (oily) 


Rayon  (taffeta) 


Rubber  Gloves  (surgical) 

Latex  Seamless  Standard 
(0.008  in.) 


Amber  Plus  (0.0137  in.) 


National  Glove  No.  200 
(0.018  in.) 


Latex,  Davol  (0.008  in.) 


Ebonettes  (C.013  to  0.015  in. 


Rollproof  32394 


Neosole"  SA8-8N-3032 


Sawdust 


Silk  Cloth 


Silk  Cloth  (Hong  Kong) 


Styrene  (Styrofoam) 


Tape  (Masking) 


Tobacco 


Vernticulite 


No  ignition 


No  ignition 


No  ignition 


No  ignition 


Ignition  in  76  sec. 


Ignition  in  90  sec. 


Ignition 


ignition 


No  ignition 


ignition  in  20  sec. 


gnition 


gnition 


ignition 


gnition 


ignition 


ignition,  dissolved 


ignition,  hardened 


gnition,  bleached 


gnition,  softened 


gnition,  bleached 


gnition 


gnition 


gnition 


gnition,  softened 


gnition,  dissolved 


ignition,  dissolved 


ignition 


gnition 


ignition 


ignition,  dissolved 


No  ignition 


No  ignition,  hardened 


No  ignition,  hardened 
and  became  brittle 


Ignition  after  160  seconds 


No  ignition 


No  ignition,  darkened 


No  ignition,  bleached 


No  ignition 


No  ignition,  dissolved 


Ignition  in  15-20  seconds 


No  ignition 


No  ignition 


No  ignition,  bkjched 


“Wyle  Laboratories  Oomriunication 

‘’The  Martin  Marietta  Corporation  Communication 


4.S.3.2  Nitrogen  Tetroxide  and  Mixed 
Oxides  of  Nitrogen 

NjO^  and  mixed  oxides  of  nitrogen  are 
oxidizers,  but  they  are  not  hypergolic  with  all 
combustible  materials.  Such  non-hypergolic  mix- 
tures, therefore,  present  an  explosion  hazard,  parti- 
cula>'iy  when  subjected  *o  elevated  tempe'atures, 
pressures  or  impact.  If  containers  leak,  the  oxides 
of  nitrogen  vapors  can  form  explosive  mixtures 
with  fuel  vapors,  especially  in  confined  spaces. 

of  commercial  purity  and  mixed  oxides  of 
nitrogen  are  stable  at  ordinary  temperatures.  There 
is  a possibility  that  containers  in  proximity  to  a 
fire  may  pressure  rupture  and  the  released  vapors 
can  form  explosive  mixtures. 


Organic  materials  and  partially  halogenated 
solvents  shall  not  be  used  us  flushing  or  decontami- 
nation fluids  unless  specifically  tested  previously 
under  the  conditions  of  usage.  Mixtures  of  N2O4 
and  mixed  oxides  of  nitrogen  and  the  following 
partially  halogenated  solvents  can  he  initiated  by 


heat  and  shock,  yielding  violent  explosions: 
Methylene  chloride 
1,1,  1,  Trichlorethane 
(Methyl  Chloroform) 

Trichl.-jroethylene 

Perchlorethylene 

Chloroform  Carbon  Tetrachloride 
Dichloroethylene 
1,  2-Dichloroethane 
Asymmetrical  Tetrachloroethane 

Mixtures  of  N2O4  and  ethylene  glycol 
when  confined  will  react  explosively. 

Mart'n  Marietta  (15)  and  Aerojet  (16)  per- 
formed drop-weight  tests  with  a modified  Army 
BallisticMissile  Agency  impact  tester.  The  materials 
were  immersed  in  N2O4  and  the  plummet  was 
dropped.  The  results  of  the  tests  as  shown  in  Table 
4.3-3  indicate  that  only  polydimethylsiloxane  and 
penton  1215  (a  chlorinated  polyether)  detonated 
on  impact.  Some  of  the  others  exhibited  chemical 
atrack. 


TABLE  4.3-3  RESULTS  OF  IMPACT  TESTS  IN  LIQUID  N2O4 


MATF.RIAL 

ENERGY,  FT-LB 

RESULTS 

REFERENCE 

Polychloroprene 

70 

Passed 

15 

Polydimethylsiloxane 

70 

Failed 

16 

60 

Failed 

15 

50 

Passed 

15 

Polyethylene,  Br^ochad 

70 

Passed 

15 

Polyethylene,  Linear 

70 

Passed 

15 

Polypropylene 

70 

Passed 

15,16 

Polyvinylideno  Fluoride 

70 

Passed 

15 

Fluorel  (Viton  A) 

70 

Passed 

15,16 

Alathon  34  (Irradiated) 

70 

Passed 

16 

Parco  805-70 

70 

Passed 

16 

Linear  7806-70 

70 

Passed 

16 

Precision  9257 

70 

Passed 

16 

Kel-F  300 

70 

Passed 

16 

Penton  1215 

70 

Failed 

16 

60 

Failed 

16 

-60 

Passed 

(6 

Teflon  TFE  1 

70 

Passed 

16 

Teflon  100X 

70 

Passed 

16 

Resin  Cured  Butyl 
(Formula  121) 

400/in.2 

Passed 

17 

Ethylene  Propylene  Rubber 
(Formula  132) 

400/in.2 

PasitfJ 

17 
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5.0  A«>PENOICES 


5.1  INDEX  OF  PROPELLANTS,  ACRONYMS  AND  COMPOSITIONS 

5.2  UNITS  AND  CONVERSION  FACTORS 


TABLE  5.1  INDEX  OF  PROPELLANTS,  ACRONYMS  AND  COMPOSITIONS 


OXIDIZER 

COMPOSITION  OR  FORMULA 

OTHER  NAMES 

SECTION 

(PROPERTIES) 

HDA 

55.0  HNQ3  - 44.0  NO2  - 0.5  H2O  - 
.04  Solids -0.7  HF 

High  Density  Acid 

2.2 

IRFNA 

83.2  HNO3  14.0  NO2  - 2.0  H2O  - 
.04  Solids -0.7  HF 

Inhibited  Red  Fuming 
Nitric  Acid 

2.1 

IWFNA 

96.8  HNO3  - 0.5  NO2  • 2.0  H2O  • 
.10  Solids -0.7  HF 

Inhibited  White  Fuming 
Nitric  Acid 

2.1 

Modified  HDA 

55.0  HNO3  - 44.0  NO2  - 0.5  H2O  - 
.04  Solids  - 0.5  PF5 

HDA  ■ PF5  Inhibitor 

2.2 

MON-1 

98.5  N2O4  - 1.0  NO  -0.17  H2O  • 
.10  Solids 

Mixed  Oxides  of  Nitrogen 

2.3 

MON-3 

96,5  N2O4  -3.0  NO  -0.17  H2O  • 
.10  Solids 

Mixed  Oxides  of  Nitrogen 

2.3 

MON-10 

88.8  N2O4  - 10.0  NO -0.17  H2O- 
.10  Solids 

Mixed  Oxides  of  Nitrogen 

2.3 

MON-25 

73.8  N2O4  ■ 25.0  NO  - 0.17  H2O  - 
.10  Solids 

Mixed  Oxides  of  Nitrogen 

2.3 

Nitric  Acid  (Anhydrous) 

99.0  HNO3  - 1.0  H2O 

Nitric  Acid 

2.1 

Nitric  Acid  (90%) 

89.5  HNO3  - .02  NO2  • 10.0  H2O  - 
0.6  HF 

90%  Nitric  Acid 

2.1 

Nitric  Acid  — Type  1 

97.5  HNO3  - 0.5  NO2  ■ 2.0  H2O  • 
.10  Solids 

WFNA 

2.1 

Nitric  Acid --Type  lA 

96.8  HNO3  - 0.5  NO2  • 2.0  H2O  • 
.lOSoiids 

IWFNA 

2.1 

Nitric  Acid-Type  II 

91.3  HNO3  -6.ONO2-2.OH2O- 
.10  Solids 

RFNA 

2.1 

Nitric  Acid -Type  III 

83.9  HNO3  - 14.0  NO2  - 2.0  H2O  - 
.10  Solids 

RFNA 

2.1 

Nitric  Acid-Type  illA 

83.2  HNO3  - 14.0  NO2  - 2.0  HjO  - 
.10  Solids  -0.7  HF 

IRFNA 

2.1 

Nitric  Acid  — Type  IIIB 

83.2  HNO3  • 14.0  NO2  - 2.0  H2O  - 
.04  Solids  -0.7  HF 

IRFNA 

2.1 

Nitric  Acid-Type  III  LS 

85.4  HNO3  - 14.0  NO2  ■ 0.5  H2O  - 
.04  Solids -0,7  HF 

IRFNA- Limited  Storage 

2.1 

Nitric  Acid— Type  IV 

56.0  HNO3  • 44.0  NO2  - 0,5  H2O  - 
.04  Solids -0.7  HF 

HDA 

2.1 

Nitrogen  Tetroxide 
(MM  Grade) 

99,6  N2O4  - 0.6  NO  - 0.10  H2O  - 
■ lOSoiids 

Minuteman  Grade  NTO 

2.3 

NTO 

99.5  N2O4  -0.1  NO-.I7H2O- 
.10  Solids 

Red-Brown  Nitrogen 
Tetroxide 

2,3 

RFNA 

83.9  HNO3  • 1^  0 NO2  • 2.0  HjO  - 
.10  Solids 

Red  Fuming  Nitric  Acid 

2.1 

WFNA 

97.5  HNO3  ■ 0.5  NO2  • 2.0  H2O  • 
.lOSoiids 

White  Fuming 
Nitric  Acid 

2.1 
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5.2  UNITS  AND  CONVERSION  FACTORS 


5.2.1  GENERAL 

The  preponderance  of  data  reported  in  the 
chemical  literature  for  the  properties  of  propellants 
is  given  in  the  c.g.s  system:  for  engineering  applica- 
tions, these  have  been  converted  to  English  units. 
The  hundreds  of  basic  handbooks  available  to  the 
chemist,  physicist  and  engineer  nearly  all  contain 
tables  on  conversion  factors.  These  tables  are  rarely 
in  exact  agreement,  since  the  progress  made  in 
laboratory  equipment  has  afforded  greater  accu- 
racy in  determining  some  of  the  basic  constants  of 
measurements. 

In  1963  the  National  Research  Council  (U.S.) 
Committee  on  Fundamental  Constants*  recom- 
mended a uniform  set  of  fundamental  constants  to 
be  used  in  physical  chemistry.  These  constants  are 
divided  into  three  categories: 

*Nat'l.  Bureau  of  Standards  (U.S.)  Tech.  News  Bull.,  47, 
No.  10,  (1963). 


(a)  defined  constants  (ten  exact  values  by 
definition) 

(b)  basic  constants  (five  experimentally  deter- 
mined constants) 

(c)  derived  constants  (six  constants  coupled 
to  basic  constants  through  known  physical 
relations). 

5.2.2  DEFINED  CONSTANTS 

These  constants  have  been  accepted  by  the 
National  Bureau  of  Standards  but  as  yet  have  not 
been  adopted  by  any  of  the  international  conven- 
tions such  as  the  Internationa!  Union  of  Pure  and 
Applied  Chemistry  or  the  International  Union  of 
Pure  and  Applied  Physics.  The  1963  set  of  con- 
st., nts  given  below  are  taken  froni  Rossini*  and 
Srjmayajulat ; 

"Rossini,  F.  D.,  J.  Pure,  Appl.  Chem,  8,  95  (1964). 
tSomayajuia,  G.  R.,  et  al..  Annual  Review  of  Phys.  Chem., 
16  213(1965). 


CONSTANT 

SYMBOL 

1963  VALUE 

Unified  atomic  mass  unit 

u 

1/12  times  the  mass  jf  ^ 

Standard  acceleration  of  gravity  (in  free  fall) 

g 

980.665  cm/sec^ 

Normal  atmosphere,  pressuru 

atm 

1 ,013,250  dyne/cm^ 

*Absolute  temperature  of  the 
triple  point  of  water 

Ttp 

273.1 6'K 

Thermochemical  calorie 

cal 

4.184J  (joules) 

Internatioiiai  steam  calorie 

cal|T 

4.1866J  (joules) 

Inch 

in. 

2.54  cm  (exactly) 

Pound,  avoiidupois 

lb 

453.59237  g 

Liter 

1 

1000  cm^ 

^he  ice  point  of  water  (temperature  of  equilibrium  between  solid  and  liquid  saturated  with  air  at  one 
atmosphere)  is  .01*K  less  than  the  triple  point  tempe.'-ature  of  273.1  B'K. 

S-3 


FIIMED 


The  tenth  constant  defines  the  Mole  (mole)  as 
the  amount  of  a substance  of  specified  chemical 
formula  containing  the  same  number  of  formula 


units  (atoms,  molecules,  ions,  electrons,  or  other 
entities)  as  there  are  atoms  in  12  grams  (exactly) 
of  the  pure  nuclide  C’  2 . 


5.2.3  BASIC  CONSTANTS 


CONSTANTS 

SYMBOL 

1963  VALUE 

Velocity  of  light  (vacuum) 

c 

2.997925  X cm/sec 

Avogardo  number 

N 

6.02252  X 10^^  molecules/ 
mole 

Faraday  constant 

f 

96,487  coulombs/mole 

Plank's  constant 

ft 

6.6256  X 10’^^  erg  - sec 

Pressure-volume 
product  for  one  mole 
of  gas  at  0°C  and  zero  pressure 

(PV)P-o 

2271.06  joules/mole 

22413.6  cm^  «itm/mole 

5.2.4  DERIVED  CONSTANTS 


CONSTANT 

SYMBOL 

1963  VALUE 

Elementary  charge  (charge  on  the  electron) 

e “ //N 

4.80298  X 10  ’°  e.s.u 

Gas  constant 

R 

8.31433  joules/deg-mole 
1.98717  cal/deg-mole 

Boltzman  constant 

K-  R/N 

1.38054  X 10  ’®  erg/deg- 
mole 

Second  radiation  constant 

C2  “ hc/k 

1 .43879  cm  deg 

Einstein  constat  t (relating  mass  and  energy) 

Y “ c^ 

8.987554  X 10’3  joulos/g 

Constant  relating  wave  number  and  energy 

Z “ nhc 

1 1 .96255  joules-cm/mole 
2.85912  cal-cm/mole 

52.5  COrSlVERSION  FACTORS 


The  table  of  conversion  factors  presented  on 
the  next  page  are  calculated  from  the  defined  or 
derived  constants  given  above.  The  conversion 


units  are  reported  to  significant  figures  beyond  the 
requiremenis  of  normal  engineering  application. 
They  are,  however,  accurate  as  reported  and  are 
the  values  used  for  conversions  in  this  handbook. 


TABLES  OF  CONVERSION  FACTORS 


MULTIPLY 

BY 

TO  OBTAIN 

Dsntity 

g/cc 

62.42796 

Ib/ft3 

j/cc 

0.0361273 

Ib/m^ 

g/cc 

1.0 

specific  gravity 
HjOat  4°C 

Force 

dyne 

2.248089  X 10  ® 

lb  weight 

Energy 

cal 

0.00396567 

BTU 

cal  IT 

0.00396832 

BTU 

joule 

0 000947817 

BTU 

Energy  Content 

cal/g 

1 .798796 

BTU/lb 

cal/|x/g 

1.8 

BTU/ib 

cal/g-*K 

0.9993312 

BTU/lb-’R 

cal|T/g-*K 

1 0 

BTU/lb’R 

ca!/g-mole 

1 .798796 
M.W. 

BTU/lb 

cal/g-mole-°K 

0.9S93312 

BTU/lj-mole-*R 

cal/g-rnole-’K 

0.9993312 

M.W. 

BTU/lb-'R 

jouies/g 

0.429922 

BTU/lb 

joules/g-molo 

0.429922 

M.W. 

BTU/lb 

joules/g-°K 

0.238846 

BTU/lb-'R 

Preuure 

atmospheres 

14.695949 

lb/in.2 

atmospheres 

2116.2166 

Ib/ft2 

mm  Hg 

0.019336775 

lb/in.2 

dyne/cm2 

1.460377  X 10  ® 

lb/in.2 

Length 

0.3937008  •=  (~) 

cm 

inches 

cm 

0.0328084  . 

feet 

Thermal  Conductivity 

cal/cm-sec  “K 

0.06715196 

BTU/ft-sec-'R 

milliwatt/cm-sec-‘'K 

1.604970  X 10  ® 

BTU/ft-cec-'R 
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